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Abstract
The Roman archeological site of Baelo Claudia (Ca´diz, south Spain) is located within the Gibral-
tar Arch, a region with no significant recent or historical seismicity. However, previous studies
have emphasized the occurrence of repeated strong archeoseismic damage (intensity >IX MSK)
at Baelo Claudia. Identifying the damages in detail and searching for the seismogenic source
was the aim of the Baelo Claudia Project - solving the Baelo Claudia earthquake problem. This
thesis summarizes the results from the field campaigns in 2005, 2006, 2007, 2008, 2009, and
2010. The text is mainly based on two published and one submitted paper.
A multidisciplinary study has been carried out at the archeological site including the detailed
mapping of surface deformation and building damage, surface geology and geomorphology, and
the collection of structural data. An extensive ground penetrating radar (GPR) survey has
been conducted in the ruins for detecting archeoseismologic damages and imaging the subsur-
face conditions. The obtained data are not conclusive when considered separately, but obvious
links between archeoseismic damage, structural and GPR data indicate that the destruction
of the city was linked to seismic shaking and that two earthquakes occured within the Roman
period. 14C dating results from damaged infrastructure (e.g., the Isis Temple) allow to suppose
two devastating events around 40-60AD and 260-290AD. These dates vary from those proposed
by earlier studies, which suggested two events in 40-60AD and 350-395AD. The analysis of the
pattern and orientation of deformation clearly indicates SW-NE directed compression due to
ground shaking. This investigation also focuses on localized landslides and liquefaction pro-
cesses, which appear to be coeval with the earthquakes, but the poor geotechnical parameters
of the clayey substratum were determinant to amplify the observed level of destruction. The
application of the present Spanish seismic code (NCSE-02) indicates that intensity VIII MSK
(0.24-0.26g) can be reached in this zone for 475 year return periods.
Despite the earthquake-related damages and the dating of the events seem to be reliable, the
search for the local seismogenic fault(s) was problematic. The damage patterns rather indicate a
fault in the vicinity than a far-field event (e.g., the 1755 Lisbon seismic source in the Atlantic).
High-resolution shallow geophysics were applied to the local faults mapped in order to get
information on their activity; marine seismics in the Bolonia Bay were performed in 2006 for
imaging the youngest sediments and active faults offshore. Based on the data, trenches were
excavated at the Cabo de Gracia fault a few kilometres W of Baelo Claudia. Off-shore high-
resolution seismic investigations, structural and paleostress data and trenching studies combined
with high-resolution GPR and resistivity point to active faulting along N-S trending normal
faults. Hence, N-S directed normal faults in the area are claimed as local candidates for moderate
earthquake activity. Paleoseismic evidence for a moderate event around 6000-5000BP has been
found along the close-by normal Carrizales fault. This points to three local moderate earthquakes
in the last 6000 years, and to return periods on the order of 2000-2500 years.
In a third step, the observations have been quantified using the two logic trees for paleoseismology
(Atakan et al., 2000) and archeoseismology (Sintubin and Stewart, 2008). The results show
that a mere paleoseismological classification of the geological features leads to a paleoseismic
quality factor (PQF) of 0.03, which is low compared to other studies. Taking into account the
additional information from archeoseismological work (archeoseismological quality factor [AQF]
is 0.5), it becomes clear that the Baelo Claudia study site provides an opportunity for detailed
earthquake investigations. Therefore, it has a high potential for reliable seismic hazard analyses.
A complementary application of both logic trees is recommended in future studies if sufficient
data are available.
The study illustrates that a multi-disciplinary approach in archeo- and paleoseismology is re-
quired for reliable data. It is shown that the southernmost part of the Iberian peninsula is
characterized by a significant seismic hazard and that the Roman ruins of Baelo Claudia have
preserved the earthquake information, even though it was not easy to gather.
Kurzfassung
Die ro¨mischen Ruinen von Baelo Claudia befinden sich in der Bucht von Bolonia am su¨dlichsten
Punkt der Iberischen Halbinsel. Hier, im Gibraltarbogen, sind weder historische Erdbeben
u¨berliefert, noch deutet die rezente Seismizita¨t auf ein erho¨htes Erdbebenrisiko hin. Dennoch
beschreiben verschiedene Autoren erhebliche Erdbebenscha¨den im Bereich der archa¨ologischen
Ausgrabung. Diese Scha¨den detailliert zu beschreiben, zu klassifizieren und die Quelle der
seismischen Erschu¨tterung zu finden war Ziel des Baelo-Claudia-Projektes. In dieser Arbeit
werden die Ergebnisse der Gela¨ndekampagnen 2005, 2006, 2007, 2008, 2009 und 2010 vorgestellt.
Der Text der Arbeit basiert in weiten Teilen auf zwei vero¨ffentlichten und einem eingereichten
Fachartikel.
In einer umfassenden und multidisziplina¨ren Studie wurden innerhalb der ro¨mischen Ruinen
Geologie, Geomorphologie, Geba¨udescha¨den und Oberfla¨chendeformationen kartiert sowie die
Orientierungen von Strukturelementen aufgenommen. Ein dichtes Netz von Georadarprofilen
sollte helfen, archa¨oseismologische Scha¨den zu identifizieren und weitere Informationen u¨ber
den oberfla¨chennahen Untergrund zu sammeln. Fu¨r sich allein genommen ergeben die einzel-
nen Messwerte zwar kein schlu¨ssiges Gesamtbild, doch weisen die Ergebnisse der kombinierten
Analyse aller gesammelten Informationen deutlich auf seismische Ursachen fu¨r die zweimalige
Zersto¨rung Baelo Claudias in ro¨mischer Zeit hin. 14C-Datierungen bescha¨digter Geba¨ude (wie
zum Beispiel des Isis Tempels) belegen zwei Beben um 40-60AD und 260-290AD. Diese Daten
weichen von den Ergebnissen fru¨herer Studien ab, welche zwei seismische Ereignisse um 40-60AD
und 350-395AD postulieren. Die aufgenommenen Schadensmuster lassen den Schluss auf eine
plo¨tzliche, von SW nach NE gerichtete Kompression in Folge von Erdbeben zu. Desweiteren wur-
den Bodenverflu¨ssigungen (liquefaction) und Massenbewegungen untersucht, die wahrscheinlich
zeitgleich mit den seismischen Ereignissen stattfanden. Die tonigen Bo¨den mit ihren schwachen
geotechnischen Festigkeitswerten im Untersuchungsgebiet haben dazu beigetragen, dass die
Scha¨den an den Geba¨uden noch versta¨rkt wurden. Aus der Anwendung des derzeitigen spanis-
chen seismischen Codes (NCSE-02) auf das Arbeitsgebiet wird ersichtlich, dass Intensita¨ten
von VIII MSK (0.24-0.26g) mit einem Wiederholintervall von 500 Jahren angenommen werden
ko¨nnen.
Obschon die erdbeben-induzierten Scha¨den und die Datierungen verla¨sslich zu sein scheinen,
gestaltete sich die Suche nach der ursa¨chlichen Sto¨rung schwierig. Die beobachteten Schadens-
muster deuten auf mittelschwere Erdbeben in der Umgebung hin und nicht auf die Auswirkungen
eines Starkbebens in großer Entfernung (wie zum Beispiel die Quelle des Lissabon-Bebens von
1755). Mit hochauflo¨senden geophysikalischen Methoden wurden die kartierten Sto¨rungen in der
Umgebung Baelo Claudias untersucht, um Hinweise auf die Aktivita¨t der Strukturen zu erlan-
gen. Im Jahr 2006 fanden Seeseismikmessungen in der Bucht von Bolonia statt, um dort nach
aktiven Verwerfungen zu suchen. Basierend auf der Auswertung der Daten wurden pala¨oseismol-
ogische Schurfe an der Cabo de Gracia-Sto¨rung wenige Kilometer westlich der Ruinen angelegt.
Die Seismikdaten, Georadar- und Geoelektrikuntersuchungen, strukturgeologische Messungen,
Pala¨ostressdaten und die Informationen der Schurfe weisen darauf hin, dass sich die rezente seis-
mische Aktivita¨t an N-S gerichteten Abschiebungen konzentriert. Daher werden diese Sto¨rungen
als potentielle Kandidaten fu¨r die beiden verheerenden Beben angesehen. An der nahegelegenen
Carrizales-Sto¨rung wurden daru¨ber hinaus Indizien fu¨r ein mittelschweres Beben vor 6000-5000
Jahren vor heute entdeckt. Aus dem Nachweis von drei mittelschweren Erdbeben in den letzten
6000 Jahren errechnet sich ein Wiederholintervall von 2000-2500 Jahren.
In einem dritten Schritt wurden die Beobachtungen an Hand zweier deduktiver Logikba¨ume
(logic trees) fu¨r Pala¨oseismologie (Atakan et al., 2000) und Archa¨oseismologie (Sintubin and
Stewart, 2008) quantifiziert. Die Ergebnisse zeigen, dass eine Beschra¨nkung auf die pala¨oseis-
mologischen Daten zu einem im Vergleich zu anderen Studien relativ niedrigen Qualita¨tsfaktor
(PQF) von nur 0.03 fu¨hrt. Dies wu¨rde bedeuten, dass ein Erdbeben eine nicht allzu wahrschein-
liche Erkla¨rung fu¨r die beobachteten Effekte ist. Nimmt man hingegen die Informationen aus den
archa¨oseismologischen Untersuchungen hinzu (der archa¨oseismologische Qualita¨tsfaktor [AQF]
liegt bei 0.5), ergibt sich ein anderes Bild - dann wird klar, dass Baelo Claudia durchaus hervor-
ragende Bedingungen bietet, Pala¨oerdbeben zu studieren. Daher hat das Untersuchungsgebiet
auch das Potenzial, in eine verla¨ssliche seismische Gefa¨hrdungsanalyse einbezogen zu werden.
Nach den Ergebnissen dieser Arbeit wird angeregt, zuku¨nftig wenn mo¨glich beide Logikba¨ume
in die Evaluation a¨hnlicher Studien einzubeziehen.
Diese Arbeit zeigt, dass in Archa¨o- und Pala¨oseismologie multidisziplina¨re Ansa¨tze notwendig
sind, um verla¨ssliche Daten zu gewinnen. Es konnte nachgewiesen werden, dass am su¨dlichsten
Punkt der Iberischen Halbinsel ein erhebliches Erdbebenrisiko besteht und dass die ro¨mischen
Ruinen von Baelo Claudia die Anzeichen vergangener Erdbeben bewahrt haben, auch wenn es
nicht immer leicht war, diese zu finden.
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If I were again beginning my studies, I would follow the advice of Plato and start with
mathematics.
Galileo Galilei
(1564-1642)

1 Introduction
An earthquake is most probably not the first thing that comes into one’s mind when asked for
natural hazards on the Iberian Peninsula. Compared to the entire Mediterranean region, Spain is
characterized by medium seismicity (Giardini et al., 1999). Earthquakes do not occur as often as
in southern Italy, Greece or Turkey and therefore, this hazard is often underestimated. In 2010
the media coverage of natural hazards in Spain concentrated on flooding and wildfires, but only
one earthquake hit the headlines. On 2010-04-11 an MW=6.3 event took place in the Granada
basin, but due to the enormous depth of the hypocenter - more than 600 km - intensities did
not exceed III (European Macroseismic Scale, EMS-98). No damage was reported although the
event was felt in almost entire Andalusia and south-eastern Portugal. Similar events are known
from 1956 and 1990 (Buforn et al., 1997). Earthquakes that caused damage or even casualties
are rather seldom. The last event that caused fatalities took place in Albolote on 1956-04-19
and was felt in wide parts of Andalusia. Intensities reached VIII (MSK) close to the epicenter
(Pela´ez Montilla et al., 2003). On 1884-12-25 the Arenas del Rey or Andalusian earthquake
occurred between the cities of Arenas del Rey, Zafarraya and Alhama de Granada. Those and
several other towns suffered strong damage, hundreds of people died, mass movements and
liquefaction were triggered. Intensities reached X on the EMS-98 scale and can also be classified
as X on the ESI scale (Udias and Mun˜oz, 1979; Reicherter, 2001; Reicherter et al., 2003; Michetti
et al., 2007). However, the population’s general awareness concerning earthquake hazard is
comparatively low as recurrence intervals are long. This seems to be the case at Baelo Claudia,
located in the Bolonia Bay in Southern Spain. Almost 2,000 years ago, two earthquakes strongly
affected the city (Menanteau et al., 1983; Goy et al., 1994; Sillie´res, 1997; Silva et al., 2005, 2006,
2009a; Gru¨tzner et al., 2010), but since then, no significant earthquake activity was recorded in
the area. Significant earthquakes in southern Spain and adjacent areas are compiled in table
1.1.
Generally, higher seismic hazards are reported for the southern and south-eastern parts of Iberia
(Giardini et al., 1999; Giner et al., 2002; Pela´ez Montilla and Lo´pez Casado, 2002; Gra´cia et al.,
2006) where most of the historical events took place, cf. Figs. 1.1 and 1.2. The seismicity is not
distributed uniformly in that area and particularly does not allow to precisely determine the
European-African plate boundary from earthquake data only (Fig. 1.3). For a realistic hazard
assessment, seismic hazard evaluation needs to take into account all earthquake information
available (Roberts et al., 2004), but today it is almost merely based on instrumental seismicity.
Table 1.1: Significant earthquakes in southern Spain and adjacent areas. Data based on the compilations
of Reicherter (2001) and Gru¨tzner (2006), supplemented with data from EMSC (2010) and
IGN (2010). Provinces: (A) Alicante, (AL) Almer´ıa, (CO) Co´rdoba, (GR) Granada, (J)
Jae´n, (MA) Ma´laga, (MU) Murcia, (SE) Sevilla, (V) Valencia.
Date Magnitude Intensity Epicenter Locality
(MSK) (lat/lon)
225 VII - X Ca´diz
880 5.7 VIII Co´rdoba
881 7.2 X-XI Gulf of Ca´diz
944-07-03 VII Co´rdoba
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Table 1.1 – Continued
Date Magnitude Intensity Epicenter Locality
(MSK) (lat/lon)
955-09 5.7 VIII Co´rdoba
957 Co´rdoba
971 Co´rdoba
973-03-20 Co´rdoba
974-11-09 Co´rdoba
1009 Lisboa and Southern Spain
1013 / 1014 East coast of Andaluc´ıa
1024-03-15 X Southern Spain
1048 / 1049 VIII - IX Murcia
1079 / 1080 IX - X Southern Spain
1169 6.8 X Andu´jar (J)
1221 VIII - IX Andu´jar (J)
1356 X Southern Spain
1357 5.9 VIII - IX Southern Spain
1396-12-18 6.2 IX 39.2 / -0.2 Tabernes (V)
1406 5.9 VIII - IX 37.3 / -1.9 Vera (AL)
1431-04-24 6.8 X 37.2 / -3.6 Southern Spain
1431-07 6.5 IX - X Atarfe-Granada
1464 6.5 IX - X Sevilla
1466-02-10 5.5 VIII Carmona (SE)
1482-10-10 IX 38.1 / -0.9 Orihuela (A)
1484 VIII 38.1 / -0.9 Orihuela (A)
1487-11 IX 36.9 / -2.5 Almer´ıa
1494-01 6.5 IX - X 36.7 / -4.4 Ma´laga
1504-04-5 6.2 IX 37.4 / -5.6 Carmona (SE)
1518-11-09 IX 37.2 / -1.9 Vera (AL)
1519-11 5.5 VIII 37.2 / -0.5 Jativa (V)
1522-09-22 6.8 X 36.9 / -2.5 Almer´ıa
1523 VIII Guardamar
1526-07-04 VII - VIII 37.2 / -3.6 Granada
1531-09-03 6.5 IX - X 37.5 / -2.8 Baza (GR)
1544-06-22 VII 38.7 / -0.2 Guadalest (A)
1547-08-29 VIII 38.8 / -0.8 Concentaina (A)
1550-04-19 VIII Almer´ıa
1579-01-30 5.5 VIII 37.7 / -1.7 Lorca (MU)
1581-06-18 5.5 VII - VIII 36.7 / -4.4 Sierra de Alhama (MA)
1581-07-18 VII - VIII 36.7 / -4.4 Ma´laga
1598-12-26 VIII 38.9 / -1.1 Olivia (V)
1599-01 VII 39.0 / -0.1 Gandia (V)
1608-03-21 VII - VIII Sevilla
1620-12-02 5.5 VIII 38.7 / -0.4 Alcoy (A)
1644 / 1645 6.2 VIII 38.7 / -0.4 Alcoy (A)
1658-12-31 VIII 36.9 / -2.5 Almer´ıa
1668 VII - VIII 37.7 / -3.8 Alcala´ Real (J)
1673-01-15 VIII 38.1 / -0.9 Orihuela (A)
1674-08-10 VII 37.1 / -1.7 Lorca (MU)
1674-08-28 5.5 VIII 37.1 / -1.7 Lorca (MU)
1674-08-29 VII 37.1 / -1.7 Lorca (MU)
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Table 1.1 – Continued
Date Magnitude Intensity Epicenter Locality
(MSK) (lat/lon)
1680-10-09 6.2 IX 36.7 / -4.4 Ma´laga
1724 5.5 VIII Sevilla
1724-09-13 VII 39.0 / -0.1 Gandia (A)
1730-04-16 VII 38.5 / -0.7 Elche (A)
1743-03-09 VII 38.0 / -1.1 Murcia
1746-08-15 VII 38.1 / -0.7 Rojales (A)
1748-03-23 6.2 IX 39.0 / -0.6 Enguera (V)
1748-04-02 5.5 VIII 39.0 / -0.6 Enguera (V)
1751-03-04 VII 37.6 / -2.1 Velez Rubio (AL)
1755-11-01 XI 37.0 / -10 Cabo de S. Vicente
1767-07-17 VII - VIII 36.7 / -4.4 Ma´laga
1787-08-17 VII 38.5 / -0.7 Elche (A)
1792-08-31 VII - VIII 35.3 / -3.0 Melilla
1802-01-18 VII 38.0 / -0.6 Torrevieja (A)
1804-01-13 VIII 36.7 / -3.5 Motril (GR)
1804-08-25 6.2 IX 36.8 / -2.8 Dalias (AL)
1806-10-27 5.9 VIII - IX 37.2 / -3.7 Santa Fe´ (GR)
1818-12-20 VII - VIII 37.7 / -1.6 Lorca (MU)
1819-12-20 VII 37.7 / -1.6 Lorca (MU)
1821-04-08/05-09 VII - VIII 36.5 / -3.0 Melilla
1828-09-15 VII 38.0 / -0.6 Torrevieja (A)
1829-03-21 7.0 X 38.0 / -0.6 Torrevieja (A)
1829-04-18 VII 38.0 / -0.6 Torrevieja (A)
1837-10-31 VII 38.0 / -0.6 Torrevieja (A)
1852-11-10 VII 38.9 / -0.4 Beniga´min (V)
1863-06-10 VII 37.4 / -1.9 Hue´rcal - Overa (AL)
1863-06-19 VII 37.4 / -1.9 Hue´rcal - Overa (AL)
1867-02-03 VII 38.0 / -0.6 Torrevieja (A)
1872-05-19 VII 39.2 / -0.5 Carlet (V)
1883-01-08 VII 38.1 / -1.3 Archena (MU)
1883-01-16 VII 38.0 / -0.6 Ceuti (MU)
1883-04-14 VII 39.1 / -0.5 Villanuevo de Castello´ (V)
1883-06-11 VII 39.1 / -0.5 Villanuevo de Castello´ (V)
1884-12-25 6.8 X 36.9 / -4.0 Arenas del Rey (GR)
1884-12-29 VII - VIII 36.9 / -4.0 Arenas del Rey (GR)
1884-12-31 VIII Torrox (AL)
1885-01-27 VII - VIII 37.0 / -4.0 Alhama (GR)
1886-03-14 4.7 VII 37.4 / -2.4 Lu´car (AL)
1902-05-05 VII 38.0 / -1.2 Murcia
1907-04-16 VII 37.8 / -1.3 Totana (MU)
1908-09-29 VII 38.1 / -1.2 Ojos (MU)
1909-02-21 VII 38.3 / -0.7 Crevillente (A)
1909-07-01 VII 38.0 / -0.6 Torrevieja (A)
1910-06-16 6.3 VIII 36.7 / -3.1 Adra (AL)
1911-03-21 5.5 VIII 38.0 / -1.2 Cotillas (MU)
1911-04-03 5.5 VIII 38.1 / -1.2 Lorqui (MU)
1911-05-10 VII 38.1 / -1.2 Lorqui (MU)
1911-05-16 VII 38.1 / -1.2 Lorqui (MU)
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Table 1.1 – Continued
Date Magnitude Intensity Epicenter Locality
(MSK) (lat/lon)
1911-05-31 5.5 VII - VIII 37.2 / -3.7 Santa Fe´ (GR)
1913-11-25 VII 38.4 / -2.5 Huescar (GR)
1916-11-28 VII 38.4 / -1.0 Salines (A)
1917-01-28 VII 38.2 / -1.2 Torres de Cotillas (MU)
1919-09-10 5.5 VIII 38.1 / -0.9 Almorad´ı, Jacarilla (A)
1919 5.1 VII 38.1 / -0.9 Almorad´ı, Jacarilla (A)
1930-07-05 5.3 VIII 37.6 / -4.7 Montilla (CO)
1932-03-05 4.7 VII 37.4 / -2.4 Lu´car (AL)
1935 5.5 V 37.2 / -4.5 Benamej´ı (CO)
1945-07-01 VII 38.5 / -0.4 Onteniente (V)
1948-06-23 5.2 VIII 38.1 / -1.9 Ceheg´ın (MU)
1951-03-10 5.0 VIII 38.1 / -3.8 Baile´n (J)
1951-05-19 5.5 VIII 37.6 / -3.9 Alcaudete (J)
1954-01-08 5.5 VII - VIII 36.9 / -3.9 Arenas del Rey (GR)
1954-03-29 7.0 VII - VIII 37.2 / -3.6 Granada, Durcal (GR)
1955 5.1 VII 36.9 / -3.6 La Zubia (GR)
1956-04-19 5.0 VIII 37.2 / -3.7 Albolote (GR)
1964-06-09 5.5 VII - VIII 37.7 / -2.6 Orce-Galera (GR)
1976 5.4 IV 36.7 / -4.7 Alora (MA)
1984-06-24 5.2 VII 36.8 / -3.7 Jayena (GR)
1984-08-13 5.0 VII 37.0 / -2.3 Sierra Alhamilla
1985-05-2 5.0 VII 37.8 / -4.6 Castro (CO)
1993-03-23 5.0 VIII 36.7 / -3.1 Berja (AL)
1994-01-04 4.9 VI - VII 36.6 / -2.8 Costa de Balerma (AL)
1994-05-26 5.3 VII Bahia de Alhucemas
1999-02-02 5.0 VII - VIII 38.8 / -1.2 Mula (MU)
2002-08-08 4.8 VI 37.8 / -1.8 Lorca (MU)
2003-01-24 4.4 37.7 / -4.7 Espejo (CO)
2003-02-18 4.8 V 35.7 / -3.6 Melilla (Alboran Sea)
2003-07-29 5.5 V 36.0 / -10.3 Cape St. Vincent
2004-12-13 5.2 36.4 / -9.8 Cape St. Vincent
2004-12-02 4.8 II - III 35.0 / -3.0 Mellila (Alboran Sea)
2005-01-29 4.6 VI 37.8 / -1.8 Lorca (MU)
2005-03-22 4.5 35.1 / -2.9 Nador (Morocco)
2007-06-30 4.7 felt 37.0 / -5.6 Coripe (SE)
2007-09-08 4.8 35.8 / -3.4 Strait of Gibraltar
2008-01-09 4.8 felt 35.6 / -0.6 Wahran, Algeria
2008-06-06 5.6 VI 35.9 / -0.7 Wahran, Algeria
2008-10-02 4.8 felt 37.1 / -5.4 Coripe (SE)
2010-04-11 6.3 I 37.1 / -3.5 Spain
2011-05-11 5.1 VII 37.7 / -1.7 Lorca (MU)
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Figure 1.1: Seismic hazard of the Iberian Peninsula. a), b) and c): averaged hazard, a’), b’) and c’):
worst-case scenario. a) and a’): peak accelerations with 39.3% probability of exceedance in
50 years (return period 100 years). b) and b’): peak accelerations with 10% probability of
exceedance in 50 years (return period of 475 years). c) and c’): peak accelerations with 5%
probability of exceedance in 50 years (return period of 975 years). From Pela´ez Montilla
and Lo´pez Casado (2002)
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Figure 1.2: Significant historical earthquakes in the Western Mediterranean region since 225 BC. Black
dots indicate earthquake location. Data from Table 1.1 as far as geographical information is
available. Note that multiple earthquakes at the same place like the 19th century Torrevieja
events are not represented by bigger dots. The Bolonia Bay with the Roman ruins of Baelo
Claudia is situated close to the Strait of Gibraltar.
1.1 Instrumental seismology
Instrumental seismology allows determining earthquake locations, epicentral depths, waveforms,
magnitudes and focal mechanisms. Modern seismographs are able to register worldwide shallow
events with magnitudes mb'3.5 (Fisk et al., 2002). Local networks with dense stations, e.g. the
Sachsennetz in Germany can even detect earthquakes as small as M=-0.5 reliably (Fischer et al.,
2010). Those monitoring technologies developed during the last century. Earthquake catalogs
based on instrumental data can only cover short periods on a geological time scale. It is known
that active faults may have recurrence periods of several thousands of years (Chatzipetros et al.,
1998; Galadini and Galli, 1999; Reicherter, 2001; Reicherter et al., 2003; Nicol et al., 2005;
Mouslopoulou et al., 2009). If the recurrence interval of earthquakes at a certain fault is longer
than the observation period, which is true for most of the active faults known today, there is a
significant lack of seismicity information. A seismic hazard analysis merely based on instrumental
data would lead to false results in most cases.
1.2 Historical reports
For more precise results, information on the earthquake occurrence at a certain fault needs to
be gathered with different methods (Caputo and Helly, 2008). Historical reports can help to
close this gap for a certain timespan (Fig. 1.4). Written sources often date back to hundreds
(e.g., Constantin et al., 2009) or even thousands of years, depending on the study area and
it’s history; longest complete records are reported from the Eastern Mediterranean region and
China (Ambraseys, 1971; Lee et al., 1976; Ben-Menahem, 1991; Guidoboni and Stucchi, 1993;
Ambraseys and Jackson, 1998; Boschi, 2000; Ken-Tor et al., 2001; Ishibashi, 2004). Historical
earthquake data needs to be handled carefully for a number of reasons (e.g., Ambraseys, 1971):
• there may be a hiatus and records can be incomplete
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Figure 1.3: Earthquake map for the Western Mediterranean region with M>3.5 from 1973 - 2010.
Epicenter depths are color coded. Data from USGS (2010).
• records can be manipulated for political/religious campaigns, personal issues, military
purposes etc.
• single events can occur as multiple events in different sources and vice versa
• geographical information can be imprecise or misleading
• reports on damage, casualties can be exaggerated or belittled
• reports give only an idea on intensities, not magnitudes
• for magnitude estimations, knowledge about the historical buildings is necessary
• report’s quality might have decreased due to (multiple) translation
• non-seismic events may be confused with earthquakes and vice versa
• chroniclers can have reached the epicenter weeks or even months after the event or can
even have never been there
• disasters in remote or isolated areas like islands may not appear if there were only few or
no survivors
• primary and secondary effects can be confused
• only strong events will be covered
• earthquake environmental effects may not appear
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Generally, historical reports will most likely only cover medium to strong events, especially in
seismically active areas. The macroseismic and environmental effects can be used to estimate
intensities (Guerrieri and Vittori, 2007; Michetti et al., 2007). Magnitudes can be calculated if
there is a great number of reports with a sufficient regional distribution that allows epicenter
localization or if primary effects (fault length, displacement etc.) are described in detail. Ob-
viously, historical reports are very limited and may not reach back far enough to guarantee all
necessary information for a seismic hazard analysis.
Figure 1.4: Timescale of the different methods used for investigating past earthquakes, after Caputo
and Helly (2008).
1.3 Archeoseismology
Archeoseismology has the potential to reveal earthquake events in any archeological site. Archeo-
seismological research uses seismically-induced damage at man-made structures to reason on
earthquake date, intensity, epicenter distance and magnitude. Earthquake archeological effects
(EAE) may include (from Rodr´ıguez-Pascua et al., 2009)
primary geological effects:
• fault scarps
• seismic uplift and subsidence
secondary geological effects:
• liquefaction
• dike injections
• landslides
• rock fall
• tsunamis and seiches, and their deposits
• collapses in caves
strain structures in buildings due to ground deformation:
8
Introduction
• folded mortar pavements
• fractures, folds and pop-ups on regular and irregular pavement
• shock breakouts in flagstones
• rotated and displaced buttress walls
• tilted walls
• displaced walls
• folded walls
strain structures in buildings generated in the building fabric:
• penetrative fractures in masonry blocks
• conjugated fractures in walls made of stucco or bricks
• fallen and orientated columns
• rotated and displaced masonry blocks in walls and drums in columns
• displaced masonry blocks
• dropped key stones in arches or lintels in windows and doors
• folded steps and kerbs
• collapsed walls, including human remains and valuable items below the rubble
• collapsed vaults
• impact block marks
• broken pottery found in fallen position
• oblique broken corners
post-seismic secondary or indirect effects:
• fires
• repaired buildings
• recycling of anomalous elements
• abrupt abandonment of settlements
• stratigraphic gap in the archeological record
• flash floods due to the collapse of natural or artificial dams
• anti-seismic building measures
Classical sites consisting of well preserved buildings over ground date back to some thousands
of years and are subject to a number of studies. Subject of recent research are archeoseismology
in general (e.g., Rapp, 1986; Stiros, 1988, 1996; Jones and Stiros, 2000; Ambraseys, 2005, 2006;
9
Introduction
Galadini et al., 2006; Nur and Burgess, 2008; Force and McFadgen, 2010; Hinzen et al., 2010)
and case studies, especially from high-seismic areas like Greece and the Balkan (e.g., Christoskov
et al., 1995; Monaco and Tortorici, 2004; Tendu¨ru¨s et al., 2010), Israel (e.g., Karcz and Kafri,
1978; Marco et al., 1997; Korjenkov and Mazor, 1999; Marco, 2008), Italy (e.g., Galadini and
Galli, 1996; Guidoboni and Traina, 1996; Guidoboni et al., 2002), Japan (Barnes, 2010), Spain
(e.g., Goy et al., 1994; Silva et al., 2005, 2009a,b; Gru¨tzner et al., 2010; Rodr´ıguez-Pascua et al.,
2010), Turkey (e.g., Hancock and Altunel, 1997; Altunel et al., 2003; Similox-Tohon et al., 2004,
2006; Sintubin and Stewart, 2008; Yerli et al., 2010) and the Middle East (e.g., Nur and Cline,
2000; Ambraseys et al., 2002; Ka´zme´r and Major, 2010). However, studies from rather low-
seismic areas provided promising results, too (e.g., Hinzen and Schu¨tte, 2003; Hinzen, 2005;
Schaub et al., 2009). Earlier events can principally be recognized in any environment, which can
be classified as ”archeological”, including graves and graveyards, buried objects, fortifications,
earthworks, former populated caves and even camp fires. Therefore, this method is theoretically
suitable to discover even older events. The lower time limit is the begin of humans changing
the earth’s surface. Despite this potential, archeoseismology soon reaches its limits in terms of
temporal and spatial resolution. Usually, earthquake information older than 4000 years is not
available due to the lack of buildings preserved.
Archeoseismological research can extend the time span of comparatively accurate information on
old events. While the seismo-tectonic setting of the research area has to be investigated in terms
of paleoseismology, information about use, construction, and the response of the archeological
buildings provided by archeologists, architects and engineers, geologists, and historians need to
be acquired in order to understand the site’s potential as an archeoseismological record. With
such a vast number of variables and uncertainties, archeoseismology is often thought to be
inaccurate and therefore being questioned as to how reliably the events described might be used
in seismic hazard analyses. These contradictions are important and necessary, as they force
scientists to review their own work, to find weaknesses in their argumentations, and to accept
and develop new methods that can resolve doubts. During the last years, several proposals
have been implemented in order to establish a stringent and transparent methodology and to
provide a quantitative analysis of archeoseismic damage (Karcz and Kafri, 1978; Nikonov, 1988;
Guidoboni and Traina, 1996; Stiros, 1996; Galadini et al., 2006; Caputo and Helly, 2008; Sintubin
and Stewart, 2008; Hinzen, 2009; Reicherter et al., 2009; Gru¨tzner et al., 2010; Hinzen, 2010).
Sintubin and Stewart (2008) created a logic tree approach on archeoseismology based on the
one proposed for paleoseismology by Atakan et al. (2000). This approach is supposed to ”track
uncertainties in successive stages of archeoseismological investigation.” (Sintubin and Stewart,
2008, p. 2209) and might therefore constitute an important step on the way to a systematization
of the methods employed in researching ancient earthquakes.
1.4 Paleoseismology
Paleoseismological investigations can be used to gather information on earthquakes of any age,
but are commonly limited to Quaternary events. Being an older discipline than archeoseismol-
ogy, the amount of research published during the last decades is enormous. McCalpin (2009)
provide a summary of methods and fields of application; among others, Michetti and Hancock
(1997); Michetti et al. (2004); Dramis and Blumetti (2005); Michetti et al. (2005); Yeats (2007);
Michetti et al. (2007); Montenat et al. (2007); Caputo and Helly (2008); Reicherter et al. (2009)
present general considerations. Regional studies cover almost every tectonically active region
in the world. In the European-Mediterranean area the focus is set on Greece and the Balkan
peninsula (e.g., Pavlides, 1996; Chatzipetros et al., 1998; Meyer et al., 2007; Papanikolaou and
Papanikolaou, 2007; Papanikolaou et al., 2009), Iberia (e.g., Goy et al., 1994; Luque et al., 2001;
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Mart´ınez-Dı´az et al., 2001; Reicherter, 2001; Reicherter et al., 2003; Masana et al., 2005; Gra´cia
et al., 2006; Reicherter and Becker-Heidmann, 2009; Silva et al., 2009a; Gru¨tzner et al., 2010),
Israel and the Levant (e.g., Ben-Menahem, 1991; Amit et al., 1995; Marco et al., 1996; Am-
braseys and Jackson, 1998; Ken-Tor et al., 2001; Zilberman et al., 2005), Italy (e.g., Galadini
and Galli, 1999; Azzaro et al., 2000; Salvi et al., 2003; Carcaillet et al., 2008; Galli et al., 2008;
Alsop and Marco, 2011; Kagan et al., 2011), the Maghreb region (e.g., Swan, 1988; Bouhadad
et al., 2009; Zouaghi et al., 2010), and Turkey (e.g., Rockwell et al., 2001; Cetin et al., 2003;
Klinger et al., 2003; Beck et al., 2007). Additionally, there are several studies dealing with
areas that are considered as low-seismic like Central Europe (e.g., Beck et al., 1996; Camelbeeck
and Meghraoui, 1998; Atakan et al., 2000; Vanneste and Verbeeck, 2001; Houtgast et al., 2003),
France (e.g., Alasset and Meghraoui, 2005; Chardon et al., 2005) or Scandinavia (e.g., Mo¨rner,
1985, 2004, 2005, 2009).
The principle of a paleoseismological study is deductive reasoning that a certain geological
structure or effect can exclusively be produced by an earthquake and then, gathering every
information on the event itself. Hereby, paleoseismological analyses do not only concentrate
on investigations of the fault zone or the immediate environs. Seismic events may produce
widespread earthquake environmental effects (EEE), which include surface ruptures, seismites,
liquefaction, tsunami deposits, mass movements, changes in groundwater level and many more
(Seilacher, 1984; Michetti et al., 2004, 2007; Reicherter et al., 2009). Paleoseismological meth-
ods include among others trenching (e.g., Rockwell et al., 2000; Green et al., 2003; Reicherter
et al., 2003; Pantosti et al., 2004; McCalpin, 2009; Gru¨tzner et al., 2010; Rockwell et al., 2010),
geophysical surveys (e.g., Chow et al., 2001; Demanet et al., 2001a,b; Reicherter, 2001; Vanneste
and Verbeeck, 2001; Anderson et al., 2003; Green et al., 2003; Corboz et al., 2005; Zilberman
et al., 2005; McClymont et al., 2008; Dentith et al., 2010; Gru¨tzner et al., 2010; Roberts et al.,
2010), mass movement analyses (e.g., Vidrih et al., 2001; Becker et al., 2005; Johnson and Cot-
ton, 2005; Schnellmann et al., 2006; Jibson, 2009), tsunami research (e.g., Mo¨rner, 1999; Kelsey
et al., March, 2002; Vo¨tt et al., 2008; Reicherter and Becker-Heidmann, 2009; Vo¨tt et al., 2009;
Reicherter et al., 2010a,b), geomorphological and sedimentological analyses (e.g., Obermeier,
1996; D’Addezio et al., 2001; Goff and McFadgen, 2002; Michetti et al., 2005; Begg and Mous-
lopoulou, 2010) and, of course, dating. For this study, mainly ground penetrating radar (GPR)
and geoelectrics were used to investigate the shallow subsurface. Marine seismics were applied
to image the sediments offshore the Bolonia Bay.
1.5 GPR - Methodology, equipment and processing
Since about 15 years, ground penetrating radar (GPR) has often been employed for detecting
buried faults or underground tectonic structures, sedimentary structures in all kinds of rocks,
or archeological remains. Different GPR methods have also more recently been applied to
archeological surveying with very good results (Vaughan, 1986; Goodman, 1994; Hruska and
Fuchs, 1999; Pipan et al., 1999; Sambuelli et al., 1999; Basile et al., 2000) and an extensive
review has been supplied by Conyers (2004).
Electromagnetic radiation of waves in the radio band at meter wavelength is used in GPR
investigations. Radar waves can be reflected at interfaces between materials with differing
dielectric permittivities (εr), such as between rocks and air or sand and silt. Since the velocity of
the wave is known, the depth to the interface can be determined by the time it takes for the echo
to return (two-way-traveltime, TWT), and the velocity of electromagnetic waves in a material is
specified by its dielectric permittivity. In contrast to seismic reflection, the time scale of TWT is
on the order of nanoseconds, and hence GPR can resolve objects and inhomogeneities of less than
11
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Figure 1.5: 270MHz GPR system in use during the Baelo2009 conference (photo by Louise Wedderkopp
Bjerrum).
10cm, depending on the frequency of the antenna applied. On the other side, attenuation of the
radar waves by conductive materials strongly limits penetration depth of the electromagnetic
pulses (Neal, 2004).
The SIR-2 and SIR-3000 GPR systems by GSSI with different antenna models (45, 200, 270, 300,
400MHz) with survey wheel have been used to study sub-surface structures at Baelo Claudia
and the geology in its surroundings (Fig. 1.5). The applied antennae frequencies allow resolution
of objects, discontinuities or strata in a dm/cm-range, from ca. 50cm (200MHz) to ca. 10cm
(400MHz). Generally, the maximum resolution achievable is one quarter of the wavelength.
Penetration depth varies depending on the antennae frequencies and the physical properties of
the ground and location of groundwater table(s). As the achievable depth is inversely related
to the conductivity (σ) of the materials, clayey layers, wet soils, and seawater may act as a
barrier to wave propagation. In general, maximum interpretable depth with 200MHz antenna
arrangements is about 20m in dry carbonate rocks or coarse-grained clastics (Beres et al., 1995;
Smith and Jol, 1995; Neal, 2004). However, maximum penetration in this study, dealing with
poorly compacted and plastic clayey materials, has been about five to six meters.
Normally, after good parametric field settings, the raw data require to be processed. The
REFLEXW R© software (Version 5.6, Sandmeier (2010)) has been used in this study to process
and filter the data and to optimize imaging. Time migrations, topographic corrections and
3D modelizations from 2D GPR arrays have been also implemented using the same software
12
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facilities.
1.6 Geoelectrics - Methodology, equipment and processing
Geoelectrics are widely used to image active faults (e.g., Verma et al., 1980; Vandenberghe,
1982; Wu et al., 2002; Unsworth and Bedrosian, 2004; Chwatal et al., 2005; Corboz et al., 2005).
This methods aims to measure the distribution of the electrical resistivity in the subsurface
and, assuming that a fault offsets sediment layers with different electrical properties or causes
pathways for conductive groundwater, to detect abrupt changes of the resistivity associated with
a fault. For this purpose an array of electrodes is stuck into the ground. While two electrodes act
as current sources, the voltage is measured at two different electrodes (Fig. 1.6). The 4-point-
method is used to avoid transmission resistances that would occur in a 2-electrode setup and
disturb the data. The geometrical electrode configuration depends on the purpose of the study.
From a lot of geometries described in the literature, three configurations are most common:
Dipole-Dipole measurements provide a good vertical resolution, the Wenner array is used for
mapping, and the Schlumberger geometry is commonly used for electric sounding or profiling.
By inverting the measured data, a model of the best-fitting underground can be computed.
Figure 1.6: A 4-point-light geoelectrics system by Lippmann Geotechnik in field use near Aachen, Ger-
many. Not exactly the one we used in this study, but working similar.
A Geotom DC geoelectrics system with an electrode spacing of 0.5m (file 4 and 6) and 1m
(file 9) was used for apparent electrical resistivity measurements (Fig. 6.17). Inversions were
calculated with the RES2DINV software.
13
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1.7 Marine seismics - Methodology, equipment and processing
Reflection seismics are one of the standard techniques in studying fault systems (e.g., Brooks and
Ferentinos, 1984; Bourgois et al., 1992; Bruno et al., 2000; Okay et al., 2000; Yaltırak and Alpar,
2002; Gra´cia et al., 2006; Schattner et al., 2006; Thiebot and Gutscher, 2006). The advantages
of this method are the ability to collect data onshore and offshore, to cover large areas, to record
long profiles, and to reach penetration depths of up to some kilometers in cases. Data resolution
is good enough to recognize larger offsets in sediments (less than 1m with high-resolution s-wave
reflection seismics onshore; in the order of tens to hundreds of meters offshore; up to kilometers
in deep seismics with explosive sources). Again, the maximum resolution is about one quarter
of the wavelength applied.
Figure 1.7: The stern of RV Meteor with the air gun while recording marine seismics data during the
M69/1 cruise offshore Baelo Claudia.
Seismic reflection measurements use artificially emitted sound waves that are reflected and
diffracted at subsurface boundaries. The amplitude of the reflected wave depends on the con-
trast of the (seismic) impedance z (z given as the product of wave velocity ν times density ρ
of the two different layers). Via geophones (or hydrophones) the amplitude, the traveltime, and
the phase of the signals are recorded. Seismics are one of the oldest geophysical methods and
most likely the best studied of all, since the petroleum industry extensively uses this technique
for exploration.
The German RV Meteor was equipped with marine seismics on its M69/1 cruise in 2006. An
analogue streamer system was used with an active length of 150m at 100m offset, recording 24
channels (Fig. 1.7). Two 0.7/1.7l standard-GI guns (true GI-modus) served as seismic source.
The system was towed at 3m water depth, shooting with a distance of 12.5m and 2000psi.
The distance to the stern of RV Meteor was 12.65m, the distance to the streamer 9.5m. Shot
triggering was achieved by the internal time trigger of the Strataview system. The recording
time was set to 1.8s TWT; as the water depth did not exceed 300m, no time delay was applied
14
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on the data. In this study we present the raw data of channel 24 of the streamer.
1.8 Paleoseismology and archeoseismology in Baelo Claudia
This thesis summarizes the results from the field campaigns in 2005, 2006, 2007, 2008, 2009,
and 2010. The text is mainly based on two published and one submitted papers:
• Silva, P. G., Reicherter, K., Gru¨tzner, C., Bardaj´ı, T., Lario, J., Goy, J. L., Zazo, C.,
Becker-Heidmann, P. (2009): Surface and subsurface paleoseismic records at the ancient
Roman city of Baelo Claudia and the Bolonia Bay area, Ca´diz (South Spain), in: Palaeo-
seismology: Historical and Prehistorical Records of Earthquake Ground Effects for Seismic
Hazard Assessment, edited by Reicherter, K., Michetti, A. M., Silva, P. G., vol. 316 of
Special Publications, pp. 93-121, The Geological Society, London, doi: 10.1144/SP316.6.
(Chapter 5)
• Gru¨tzner, C., Reicherter, K., Silva, P. G. (2010): Comparing semiquantitative logic trees
for archaeoseismology and palaeoseismology: The Baelo Claudia (southern Spain) case
study, in: Ancient Earthquakes, edited by Sintubin, M., Stewart, I. S., Niemi, T., Altunel,
E., vol. 471 of Special Paper, pp. 129-144, Geological Society of America, doi:10.1130/2010.
2471(12). (Chapter 7)
• Gru¨tzner, C., Reicherter, K., Hu¨bscher, C., Silva, P. G. (submitted): Active faulting and
neotectonics in the Baelo Claudia area, Campo de Gibraltar (southern Spain), submitted
to Tectonophysics on 2010-10-27. (Chapter 6)
Additionally, some data were added from a paper in preparation:
• Ferna´ndez-Steeger, T., Gru¨tzner, C., Reicherter, K., Mu¨ller, D., Braun, A., Ho¨big, N.:
Rockfalls and landslides in the Bolonia Bay, Southern Spain.
Figures and results were updated according to the latest research results. Main focus of the
work is set on four topics: archeoseismological observations, paleoseismological investigations,
results of the geophysical campaigns, and quantification of the results by the use of the two logic
trees created by Atakan et al. (2000) and Sintubin and Stewart (2008). In chapter 2 the Roman
city is introduced and the earthquake problem is described. Chapter 3 summarizes the state of
the art of the geology in 2006 when our studies started. Geotechnical parameters of the Bolonia
Bay and mass movements in the study area are discussed in chapter 4, since this information is
necessary for a proper evaluation of site effects and ground conditions. The data was gathered
during our field campaigns in 2007 and 2008 and analyzed in the framework of four bache-
lor’s theses (Braun, 2008; Ho¨big, 2008; Vollmert, 2008; Storandt, 2009) and one diploma thesis
(Mu¨ller, 2008). The text is mainly based on a publication in preparation: Ferna´ndez-Steeger,
T., Gru¨tzner, C., Reicherter, K., Mu¨ller, D., Braun, A., Ho¨big, N.: Rockfalls and landslides in
the Bolonia Bay, Southern Spain. To be submitted to NHESS and on Ho¨big et al. (2009) and
Vollmert et al. (2009). Chapter 5 deals with the archeoseismological observations made in the
Roman ruins, mainly during the field campaigns 2006-2008, and is based on Silva et al. (2009a).
Active faulting, neotectonic studies and paleostress analyses are described in chapter 6. The
data was collected during all the field work 2006-2010 and the text is based on Gru¨tzner, C.,
Reicherter, K., Hu¨bscher, C., Silva, P. G. (submitted): Active faulting and neotectonics in the
Baelo Claudia area, Campo de Gibraltar (southern Spain), submitted to Tectonophysics on 2010-
10-27. Semiquantitative logic trees for archeoseismology and paleoseismology are compared in
chapter 7, the text is based on Gru¨tzner et al. (2010). The results of all the work done are
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discussed in chapter 8, with parts of the text being based on Silva et al. (2009a), Gru¨tzner et al.
(2010), and the papers submitted.
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EÒta MenlarÐa, tariqeÐac êqonsva, kaÈ met taÌta Bel°n pìlic kaÈ potamìc. ânteÜjen oÉ diploi
mlisvt eÊsvin eÊc TÐggin t¨c MaurousvÐac kaÈ âmpìria kaÐ tariqeØai.
Strabo, 17 AD
(Despue´s viene Menlaria, que tiene fa´bricas de salazo´n, y luego la ciudad y el r´ıo de Belon.
Belon es el puerto donde generalmente se ambarco hasta Tingis, en Maurusia. Es tambie´n un
emporio que tiene fa´bricas de salazo´n.)
(Then comes Menlaria, with its establishments for salting fish; and next, the city and river of
Belon. It is from Belon that people generally take ship for the passage across to Tingis in
Maurusia; and at Belon there are trading-places and establishments for salting fish.)
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2 Baelo Claudia and the earthquake problem
2.1 The Roman ruins of Baelo Claudia
The Roman ruins of Baelo Claudia (Fig. 2.1) are the remains of a small coastal town with a
population of 2,000 in an area of about 0.5km2 whose economic welfare mainly stemmed from
the fishing industry. Sillie´res (1997) provides an overview on the city and its history. Baelo’s
strategic significance is evident through the potential to control parts of the Gibraltar Strait.
Prior to the Roman period, no urban settlement was established in the area, albeit tombs in the
vicinity give evidence for Neolithic settlements. The small Roman town of Baelo Claudia was
founded in the late 2nd Century BC and described by Strabo in 17AD. At that time, the city
was named Belon: ”Then comes Menlaria, with its establishments for salting fish; and next, the
city and river of Belon. It is from Belon that people generally take ship for the passage across to
Tingis in Maurusia; and at Belon there are trading-places and establishments for salting fish.”
(Jones, 1917-1932). Pliny the Elder also mentioned Baelo, (Hoyos, 1979) but the city is listed
as Belone Claudia in the Antonine Itinerary.
It was an important strategic and industrial part (tuna fishing, sauce making and olive oil
pressing industries as well as iron smelting industries) of the Roman Empire. Moreover, it used
to be the gateway to Tingis - the modern Tangiers in Morocco. Before the town was founded,
a small well-sheltered oppidum was situated in the Sierra La Laja (Silla de Papa). In the
last century, Baelo has been extensively excavated by French archeologists from the Casa de
Vela´zquez in Madrid (Sillie´res, 1997). Thanks to these efforts, Baelo Claudia is one of the most
complete and best-studied Roman towns in Spain, as its main features are an excellent example
of early imperial town planning (Fig. 2.5).
The ancient city encompasses buildings common for a Roman settlement of this size (Figs.
2.1-2.4):
• houses and shops
• a well paved, E-W main road (Decumanus Maximus)
• major and minor N-S roads (Cardos)
• a market place (Macellum)
• cisterns
• a representative city wall with bastions
• a Capitol (temple area) devoted to Jupiter, Minerva, Juno, and Isis
• aqueducts, from which one is well preserved today
• thermae
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Figure 2.1: Aerial view of the Roman ruins of Baelo Claudia. A cistern. B bastion. C theater. D.
Capitol area (temples). E aqueduct. F thermae. G Forum. H western gate (Gadir gate). I
shops. J Roman Market (Macellum). K Basilica. L Decumanus Maximus. M eastern gate
(Carteia gate). N fish factories. Image from SIGPAC (2010).
• a Forum
• a Basilica
• a theater
• two gates (Gadir gate and Carteia gate)
• some farms (villae rusticae) and fishing sites in the environs
20
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Figure 2.2: A cistern. B fractured and tilted bastion. C theater (photo by Jo¨rg Schrader). D. Capi-
tol area (temples) with deformed (tilted) walls. E deformed aqueduct (due to soil creep-
ing/shallow landsliding). For location of the pictures see Fig. 2.1, picture indication follows
the numbering of Fig. 2.1.
Furthermore, an impressive Roman theater is located at the slopes of the city area with a view
to the Atlantic Ocean. This building can count as extraordinary, underlining the importance
and welfare of Baelo Claudia in Roman times. The fish factories, already mentioned by Strabo
in 17AD are located at the beach in the south of the city (Fig. 2.4N.) A harbor is described in
the literature, but not preserved today (see also Fig. 7.4).
The central parts and buildings have been dated to the early 1st CenturyAD, under the reign of
Emperor Claudius (41-54AD), during which Baelo became a municipium. Therefore, Claudia
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Figure 2.3: F thermae (photo by Jo¨rg Schrader). G main place (Forum) with pop-ups in the pavement
and corner break-outs. H western gate (Gadir gate). I shops. J Roman market (Macellum,
photo by Jo¨rg Schrader). K Basilica (photo by Jo¨rg Schrader). For location of the pictures
see Fig. 2.1, picture indication follows the numbering of Fig. 2.1.
was added to the name. The town encountered a number of building phases that can clearly
be distinguished (Fig. 2.6 and Table 2.1). The Romans abandoned the city in the late 4th
Century AD. Previous studies reported on the occurrence of repeated significant archeoseismic
damage (intensity≥IX MSK) in the ancient Roman city of Baelo Claudia between the 1st and
4th Century AD (Menanteau et al., 1983; Goy et al., 1994; Sillie´res, 1997; Silva et al., 2005, 2006).
The archeological stratigraphy of the city evidences two major episodes of abrupt destruction
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tentatively bracketed in 40-60AD and 350-395AD in those papers, separated by an intervening
horizon of demolition for city rebuilding (Sillie´res, 1997; Silva et al., 2005), elsewhere interpreted
as characteristic for many earthquake-damaged archeological sites in the Mediterranean (e.g.,
Stiros, 1996; Marco et al., 1997; Hancock and Altunel, 1997; Stiros and Papageourgiou, 2001;
Altunel et al., 2003). A younger age of 260-290AD is proposed for the second event in this thesis
based on 14C dating.
Figure 2.4: L Decumanus Maximus with pop-ups, folded pavement, corner break-outs and joints. M
eastern gate (Carteia gate). N fish factories (photo by Jo¨rg Schrader). For location of the
pictures see Fig. 2.1, picture indication follows the numbering of Fig. 2.1.
Excavations of the extramural necropolises showed that at least parts of the town were in use
during 4-6th Century AD. In the late 3rd Century AD human activity in the town declined and
refuse and colluvial deposits began to accumulate in the lower monumental sector of the city,
which includes the theater, the Decumanus Maximus (main E-W road), the Capitol area and the
Roman Basilica (Collins, 1998). The Basilica and the Roman Market (Macellum) were no longer
in use and the aqueducts supplying water to the city were severely damaged, resulting in water
shortage (Sillie´res, 1997). The findings of the most recent coins point to the reign of Constantine
the Great (306-337AD), which is more or less coeval to a major crisis of the Western Roman
Empire (Sillie´res, 1997). Later, visigothic graves carved around the ancient city wall indicate
settling in the city area until the conquest of the Moors in 711AD, who built a military base
on top of the Roman theater in Baelo Claudia. Many different indicators of archeoseismic
damage in various places within Baelo Claudia were described and documented, and we were
able to date those with archeological findings (e.g. pottery remains and coins) and 14C dating.
These allowed a tentative bracketing of the occurrence of repeated strong archeoseismic damage
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Figure 2.5: Aerial photo of the central or Capitol area of Baelo Claudia, showing the main features of
the imperial town. Note the Isis Temple, which is off-site the geometrical town center with
Minerva, Jupiter and Juno Temples, the Forum and the Basilica.
(intensity >IX MSK) at Baelo Claudia to around 40-60AD and 260-290AD. These results are
described in chapter 5.
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Figure 2.6: Simplified building history of Baelo Claudia, illustrating the main building phases. The
assumed second earthquake is reported to have occurred in the late 4th Century by previous
studies, based on a horizon of severely damaged remains. In this thesis, the 4th Century
damage is ascribed to the final abandonment of the city by the Romans while a 3rd Century
demolition horizon is assumed to mark the second earthquake event.
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2.2 Seismic activity in the study area
Seismicity of the axial zone of the Gibraltar Strait area (6◦50’W-5◦14’E - 35◦5’N-36◦25’N) is
described in various studies (Goy et al., 1995; Silva et al., 2006). Only 66 earthquakes are cata-
loged for the period 1750-1993 in this area, demonstrating a relatively low seismic activity (see
also Fig. 1.2 and Table 1.1). However, there is no historical seismic information prior to the year
1750 (Reicherter, 2001). Luque et al. (2001) report on a very strong event around 216-218BC
derived from tsunamites in the Gulf of Ca´diz area. The archeological remains of the ancient
Roman city of Baelo Claudia indicate the occurrence of severe earthquake damage from the late
1st Century AD to the late 3rd Century AD (Sillie´res, 1997; Silva et al., 2005, and this study).
These Roman events fall in the time-span of remote earthquakes, which probably occurred in
the Gulf of Ca´diz - Cape of San Vicente area between 33AD and 382AD (Mart´ınez Solares and
Mezcua, 2002).
Intermediate to deep (14-60km) moderate events (3.1-4.2mb) have been recorded in the Atlantic
sector of the Gibraltar Strait in close relationship with the NE-SW trending strike-slip fault
system. This observation lead Goy et al. (1995) to catalog this conjugate strike-slip fault system
as seismic source during the late Quaternary. However, about 95% of the instrumental seismicity
of the studied zone is commonly shallow (<10km), weak (mb≤3.0) and closely linked to the
system of N-S trending normal faults segmenting the Betic nappes in the Gibraltar Strait region
(Fig. 3.3). These faults are nicely represented within the Plio-Quaternary grabens of Barbate
and Algeciras Bays (Goy et al., 1995; Silva et al., 2006), but also in the studied zone segmenting
the Cabo de Gracia and San Bartolome´ ranges, adjacent to the ancient Roman city of Baelo
Claudia (Fig. 3.4) as shown in this thesis.
Therefore, instrumental records demonstrate that common ongoing seismic activity at shallower
crustal levels is especially linked to the set of N-S normal faults (Fig. 3.3), but the area is
classified as of low earthquake hazard (Makris and Egloff, 1993). However, Silva et al. (2005)
related the archeoseismic damage recorded at Baelo Claudia with the offshore activity of the
NE-SW Cabo de Gracia strike-slip fault (Figs. 3.4 and 3.3). But, all known local historic events
never exceeded VI MSK maximum intensity (Goy et al., 1995) in the Gibraltar Strait area
and major offshore events produced in the Gulf of Ca´diz area (i.e., 1755 Lisbon Earthquake)
only reached maximum intensities of VI-VII MSK (Mart´ınez Solares et al., 1979) or V-VI EMS
(Mart´ınez Solares and Mezcua, 2002) in this zone. Moreover, relevant strong earthquakes have
been recorded in the adjacent sector of the Alboran Sea East to the zone mapped in Fig. 3.3.
These events reached maximum magnitudes of 7.2 and onshore intensities of VI-VII MSK in
the Ma´laga zone (Baraza et al., 1992), but no intensity data are available for the studied zone.
This same situation occurs for the strongest historic events (VIII-X MSK, cf. Table 1.1) that
occurred in this Mediterranean sector in 1494 and 1680AD (Mart´ınez Solares and Mezcua, 2002).
In addition, the cataloged presumably strong events that occurred during the Roman period
(33AD and 382AD) in the Gulf of Ca´diz - Cape of San Vicente zone are poorly documented
and do not offer macroseismic intensity data for the Gibraltar Strait region (Mart´ınez Solares
and Mezcua, 2002). Therefore, the available seismic data do not support strong seismic damage
in the Gibraltar Strait region, which is in disagreement with the archeoseismological evidence
in Baelo Claudia studied in this work.
2.3 The earthquake problem
Previous studies reported on the occurrence of repeated significant archeoseismic damage (in-
tensity≥IX MSK) in the ancient Roman city of Baelo Claudia (1st - 4th Century AD), located at
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the axial zone of the Gibraltar Strait in southern Spain (Menanteau et al., 1983; Goy et al., 1994;
Sillie´res, 1997; Silva et al., 2005, 2006). The archeological stratigraphy of the city evidences two
major episodes of abrupt destruction tentatively bracketed in 40-60AD and 350-395AD in those
papers, separated by an intervening horizon of demolition for city rebuilding (Sillie´res, 1997;
Silva et al., 2005), elsewhere interpreted as characteristic for many earthquake-damaged arche-
ological sites in the Mediterranean (e.g., Stiros, 1996; Marco et al., 1997; Hancock and Altunel,
1997; Stiros and Papageourgiou, 2001; Altunel et al., 2003). A younger age of 260-290AD is
proposed for the second event in this thesis based on 14C dating.
The urban geology and general geomorphological features of the study area are described in the
previous works of Borja et al. (1993), Alonso-Villalobos et al. (2003) and Silva et al. (2005),
evidencing that the Roman city was differentially founded on plastic clayey substratum, Late
Quaternary sandy and clayey materials thickening to the coast (up to 5m thick), and a variable
amount of poorly compacted Roman artificial fillings. In addition, all these materials are charac-
terized by poor geotechnical parameters, including high swelling rates for the underlying clayey
substratum (Borja et al., 1993). In detail, Silva et al. (2005) applied the existing seismic code
of Spain NCSE-94 (1997) concluding that it will be necessary to invoke site effect amplification
to link the observed damage (≥VIII-IX MSK) with local seismic sources.
On the other hand, these authors discard to link the observed ground deformation with the
well-known 365AD Crete earthquake and tsunami event as earlier proposed by other authors
(Menanteau et al., 1983), because no evidence of tsunami-related damage is recorded in the ruins.
However, recent findings in small fluvial outlets east to Baelo Claudia, indicate probable tsunami
occurrences in cal. 2150-1825BP (Alonso-Villalobos et al., 2003) and again in the 15th-16th
Century (Becker-Heidmann et al., 2007) in the Bolonia Bay. The tsunami event during Roman
times is geologically well documented along the Spanish Atlantic coast of the Gibraltar Strait
from the Don˜ana marshlands to Ca´diz (Lario et al., 2001; Luque et al., 2002; Ru´ız et al., 2004)
and might correspond with one of the three historically documented tsunamis that occurred
between 219BC and 60BC in this zone (Campos, 1991; Luque et al., 2001). Nevertheless,
strong seismic events occurred during the Roman period, presumably affecting southern Spain:
the 33AD, 346AD and 382AD earthquakes are listed in the Spanish Seismic catalogs (e.g.,
Galbis, 1932; Mart´ınez Solares and Mezcua, 2002). All these events are poorly documented
and supposedly related to the far-field Cape of San Vicente seismic source, responsible for the
1755AD Lisbon event (Campos, 1991; Luque et al., 2001). Dates of some of these historic
events match with the assumed ages of 40-60AD and 365-395AD proposed for the two events
of destruction recorded at Baelo Claudia (Menanteau et al., 1983; Silva et al., 2005), but not as
good with the younger data of 260-290AD presented in this study. However, even these relative
strong earthquakes produced only ground motions of moderate intensities in the Gibraltar Strait
region between VI-VII MSK (Mart´ınez Solares et al., 1979) and V-VI EMS (Mart´ınez Solares,
2001) as recorded during the 1755AD Lisbon event. Ground motions leading to these intensities
are insufficient to explain the extensive destruction of the city, making it necessary to consider
and check the specific site effect amplification at Baelo Claudia. Possible near-field seismic
sources exist in the study area, among them faults in the vicinity of the Roman ruins. The
activity of these features is discussed in detail in chapters 3 and 6.
In any case, an important limitation of archeoseismological data is that they generally do not
allow identifying the causative seismic source (i.e. capable fault) producing the observed archi-
tectural disruptions (Hancock and Altunel, 1997; Altunel et al., 2003; Similox-Tohon et al., 2006).
Additionally, in the particular case of Baelo Claudia, most of the observed archeoseismological
disruptions can be classified as secondary effects of ground shaking (Silva et al., 2005), but might
have also been produced by other natural hazards (landslides, ground subsidence, soil creep, etc.)
under specific climate and weather conditions. Therefore, a thoughtful research is necessary to
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identify the true nature of the observed deformation by means of the analysis of their surface
and subsurface records. We tend to divide the observed archeoseismological damage into two
groups: (1) release of impulse-like high energy during seismic events and rupture-like processes,
and (2) low energy events, mainly due to gravitational forces, producing ”slow” processes, like
creep and landslides.
The archeoseismological work in this study focuses in the detailed mapping of surface deforma-
tion and architectural disruptions within the ancient urban zone of Baelo Claudia, in order to
determine the extension, nature and structural pattern of the recorded deformation as earlier
performed for other archeological sites in the Mediterranean zone and central Europe (Korjenkov
and Mazor, 1999; Hinzen and Schu¨tte, 2003; Monaco and Tortorici, 2004; Similox-Tohon et al.,
2006). Measurement of structural data on fractures, cracks, shocks, and pop up-like structures
affecting the ancient Roman pavements and walls, directions of collapse of columns, houses and
city walls, offer enough data to discuss the directivity and pattern of the ground movement
triggering the observed architectural destruction. Therefore, we use these kinematic indicators
preserved in the ruins in order to probe the directional nature of the deformation to separate
effects caused by the eventual progressive ruin and burying of the city from those pointing to
seismic shaking. Geophysical investigations on subsurface archeological remains by means of an
extensive ground penetrating Radar (GPR) survey have been carried out in order to determine
the depth extension of the observed surface deformation. Additionally, GPR data has been
probed to offer quality information about the subsurface location of probable event horizons.
The paleoseismological work concentrates on the possible seismic sources of the events in the
Bolonia Bay area, using geophysics, geological and structural mapping, and trenching studies.
The paleostress investigations were conducted in order to understand the tectonic history of the
working area and to identify the active features that might have generated an earthquake strong
enough to cause the damage observed in the ruins. All the work done should help to solve the
Baelo Claudia earthquake problem:
• When did the earthquakes occur that left their imprint in the ruins?
• Which are the seismic sources for those events?
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You’d stand by me
And together we’d be
That great, steady Rock of Gibraltar.
Nick Cave & the Bad Seeds, 2003

3 Geology of the study area
3.1 Geodynamical setting
The Straits of Gibraltar connects the Atlantic with the Mediterranean, and is situated on top of
the convergent Africa-Eurasia plate boundary in the westernmost part of the Betic Cordilleras
(southern Spain) and the Moroccan Rif (northwestern Africa). In this area, the Africa-Eurasian
plate boundary is rather undefined as manifested by scattering of earthquake foci in a wide
corridor. Late Neogene post-collisional convergence resulted in the development of a diffuse plate
boundary of more than 700km width, in which the Africa-Eurasia convergence was distributed
through a wide range of interactive NW and SE trending transpressional and transtensional
structures linked to the broad NW-SE plate convergence (Weijermars, 1991; Va´zquez and Vegas,
2000). The far-field shortening rate between the Eurasian and African plates is 4 - 5.6mm/a
(DeMets et al., 1994; Jolivet et al., 1999; McClusky et al., 2003; DeMets et al., 2010), which is
relatively low. Maximum uplift rates of 0.15mm/a during the late Quaternary in this area were
estimated by Zazo et al. (1999), based on the displacement of MIS 5 terraces (marine isotope
stage 5, c. 125ka). Generally, these slow strain rates suggest that faults should be slow moving,
and recurrence periods of earthquakes should be long.
The discrepancy between present plate convergence rates of 4-5mm/a (Noomen et al., 1993) up
to 5.6mm/a (Jolivet et al., 1999) and estimated maximum uplift rates of 0.15mm/a in this zone
during the late Quaternary seems to indicate that no plane-constant volume strain occurs at
this diffuse plate boundary (Zazo et al., 1999). Lateral E-W expulsion/extrusion of the different
crustal wedges bounded by the aforementioned conjugate set of strike-slip faults at both sides
of the Strait edge would provide a plausible scenario.
The continental collision zone is characterized by northwestward to westward displacement of
the Betic Internal (Alboran Domain) and External Zones. The stacking and thrusting of nappes
mainly occurred during the Late Paleogene-Early Miocene, including large scale folding and
back-thrusts in the Gibraltar Arc (Leblanc, 1990; Sanz de Galdeano, 1990; Weijermars, 1991).
The Cretaceous-Miocene flysch deposits form a thin-skinned fold and thrust belt. After the
compressional phase, post-orogenic extension prevailed during the Miocene and Pliocene. N-S
trending marine grabens formed on both sides of the Straits of Gibraltar (Vejer-Barbate: Atlantic
littoral) in Pliocene (Algeciras Bay: Mediterranean littoral), see Fig. 3.3. These sedimentary
basins subsided in concordance with an (N)E-(S)W extension driven by crustal lateral extrusion
(Zazo et al., 1999) and are still active today (e.g., Silva et al., 2006; De Vicente et al., 2008).
Younger rocks of Neogene (carbonates) to Pleistocene ages (Tyrrhenian terraces, e.g., MIS 5)
are also affected by brittle faulting, fracturing and uplifting. In the following, the subsequent
Quaternary marine sedimentation was mainly restricted to the littoral areas of the Gibraltar
Strait. Recent continental Quaternary sediments are well developed only in river valleys and in
the fluvio-lacustrine tectonic depression of La Janda Basin (Figs. 3.3 and 3.4).
The present-day tectonic regime is consistent with regional paleostress studies for the Betic
Cordilleras (Galindo-Zald´ıvar et al., 1993; Reicherter and Peters, 2005) and the entire Iberian
Peninsula (Herraiz et al., 2000). SHmax trajectories, based on Plio-Quaternary deformations,
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Figure 3.1: The Bolonia Bay is situated at the Gibraltar Strait in southern Spain, Province of Ca´diz.
Legend: GCAW = Gulf of Ca´diz accretionary wedge; 1 Upper Miocene-Quaternary sedi-
mentary rocks; 2 Subbetic unit; 3 Prebetic; 4 Oligocene-Lower Miocene sedimentary rocks
including flysch and olistostroms; 5 Campo de Gibraltar Flysch; 6 Predorsalian, Dorsalian
and Mala´guide Complexes; 7 Alpuja´rride Complex; 8 Nevado-Fila´bride Complex; 9 Iberian
Massif with cover rocks. Modified from Reicherter et al. (2003), SRTM data.
bore-hole breakouts, focal and moment tensor solutions, indicate (N)NW-(S)SE-directed hor-
izontal compressive stresses in the Gibraltar Strait area (Herraiz et al., 2000; Jime´nez-Munt
et al., 2001; Ferna´ndez-Iba´n˜ez et al., 2007; De Vicente et al., 2008). This compressive stress
field induces a transpressional setting. The neotectonic geodynamic situation is characteristic
for the northern sector of the Gibraltar Strait (Benkhelil, 1976; Goy et al., 1995; Gracia et al.,
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Figure 3.2: Geological sketch map of the Betic Cordilleras with major fault zones in the south of the
Iberian Peninsula. The study area is situated in the Flysch zone along the Atlantic coast
in the southernmost tip of Spain. AF Alhama de Murcia Fault; CF Crevillente Fault; CFZ
Carboneras Fault Zone; GF Gafarillos Fault; PF Palomares Fault; TF Tiscar Fault; VF
Ventas de Zafarraya Fault. B: Inset shows major geological units of the Iberian Peninsula.
The rectangle in (A) marks the area of Fig. 3.4.
1999), but has also been observed along the African coast of Morocco (Akil et al., 1995). The
submarine sector of the Straits (Sandoval et al., 1996) and the Gulf of Ca´diz accretionary wedge
(Gutscher et al., 2009) also show tectonic shortening related to compression (Fig. 3.1).
3.2 Geological setting
The Betic Cordilleras are formed by a stack of metamorphosed (Internal Zone) and non-metamor-
phosed sediments (External Zone) due to the Alpine orogeny, which have been thrusted over
the Iberian foreland (Meseta) associated with the Guadalquivir foreland basin (Fig. 3.2). The
study area is located in the Flysch Zone in the western Betic Cordilleras that is comprised of a
stack of allochthonous nappes consisting of siliciclastic sediments of middle-late Cretaceous to
Early Miocene age, mainly deposited along the passive margin of Africa on thinned continental
crust (Reicherter et al., 1994), but also partly on oceanic crust (Durand-Delga et al., 2000). Due
to stratigraphic age, heavy mineral content, grain-size and fossil content, these flysch deposits
have been in different formations (Gonza´lez Lastras et al., 1991), but all have in common that
sedimentation starts in the middle to late Cretaceous, commonly known as Senonian (Fig. 3.1).
Four different folded and faulted nappes can be distinguished in the study area (Fig. 3.4): (1)
the Cretaceous Facinas Formation with fine-grained turbidites and clays, (2) the Cretaceous Al-
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Figure 3.3: Main Quaternary faults and seismic activity in the Gibraltar Strait. Data compiled from
Benkhelil (1976), Goy et al. (1995), Gracia et al. (1999) and Zazo et al. (1999). Seismic
data from the IGN DATA BASE (IGN, 1994) updated with data available in the IGN web
site. Microseismic data from Makris and Egloff (1993). Stress distribution from structural
measurements on Plio-Quaternary materials in La Laja and San Bartolome´ ranges. Inset
shows location of Fig. 3.4.
marchal Formation, consisting mainly of clayey sediments, (3) the Oligocene-Miocene Algeciras
Formation with reddish thin-bedded turbidites, and (4) the Aquitanian Aljibe Formation in-
cluding the variegated sand- and claystones of the Bolonia Unit of Burdigalian age, which forms
the top of the Aljibe Formation (Gutierrez-Mas et al., 1991). The emplacement of the nappes
took place between the late Burdigalian and the late Tortonian (c. 16 to 6.5Ma) during the
final phase of the Alpine compressional period. The westward tectonic transport, the associated
gravitational collapse, and correlative fragmentation of the upper flysch nappes (Aljibe Unit)
are the primary processes responsible for the present topography of the Campo de Gibraltar.
Limited clock-wise rotation and dextral displacements of the fragmented nappe fronts as well as
the individualization of detached blocks occurred (Gonza´lez Lastras et al., 1991), parts of those
detached blocks now constitute the Cabo de Gracia and San Bartolome´ ranges in the studied
area (Fig. 3.4).
In the study area around Baelo Claudia, the coastal ranges with highest peaks consist of the
Aljibe Formation that overthrusted the Almarchal Formation (Fig. 3.4), forming the Sierras
de la Plata, Bartolome´ and Ret´ın (SECEGSA, 1988; Gonza´lez Lastras et al., 1991). The flysch
units are complexly affected by upright folding, and overprinted by younger NE-SW strike-slip
and reverse faults, such as the Cabo de Gracia Fault (Gonza´lez Lastras et al., 1991; Goy et al.,
1995), see also Fig. 3.5. The most impressive topographic front is developed along the La Laja
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Figure 3.4: Geological sketch map of the study area with major fault systems. For location see Fig. 3.2
and 6.12. Legend: 1 Almarchal Formation; 2 Facinas Formation; 3 Upper Aljibe Formation
(Bolonia Formation), strike of strata is marked with dashed line; 4 Lower Aljibe Formation;
5 Late Miocene, Pliocene and Quaternary deposits; 6 Algeciras Formation; normal faults:
barbs show dip direction, triangles mark thrust faults and arrows: strike-slip faults; CdG
Cabo de Gracia; CdGF Cabo de Gracia Fault; CC Cape Camarinal
Range (La Laja Fault) north of Baelo Claudia (Figs. 3.4 and 5.1).
Younger, post-orogenic units crop out along the Atlantic coast. The oldest of these are Miocene
or Pliocene temperate, marine calcarenites along the cliffs of Cape Camarinal (Fig. 3.5), which
are rich in mollusks and bryozoans. The age assessment is quite unsure, Gonza´lez Lastras et al.
(1991) mapped them as Pliocene, whereas Zazo et al. (1999, 2008) regarded the carbonates as
latest Miocene. During the Pliocene a fan-delta system developed, which is outcropped today
at the Carrizales quarry west of the ruins of Baelo Claudia. In the Bolonia Bay the interglacial
MIS 5e-terrace (128ka) is found at heights of approx. 13-14m a.s.l., where as the MIS 5c-terrace
(95ka) is found at approx. 8m height a.s.l. (Zazo et al., 1999). Sometimes the marine high-
stand deposits are hardly cemented; sometimes they are carbonate-cemented and show intense
karstification.
During the Late Holocene several dunes developed in the Bolonia Bay and three types can be
distinguished (Borja et al., 1999): the Phoenician phase (c. 2500BP), the Roman phase and the
post-Roman to recent dune system. Fig. 3.6 illustrates the mobility of the dune system within
a few years.
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Figure 3.5: Aerial view of the Sierra de la Plata, Atlanterra urbanization, the dune system, Cabo
de Gracia, Cape Camarinal, and the Roman ruins of Baelo Claudia. The flysch units are
affected by upright folding, and overprinted by younger NE-SW strike-slip and reverse faults,
such as the Cabo de Gracia Fault.
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Figure 3.6: The dune system at Cape Camarinal in the Bolonia Bay is characterized by a high mobility
and fast morphological changes. Only 60 years ago, the dune separated the peninsula from
the coast. A Aerial photograph from November, 1956 (ICA, 2010). B Aerial photograph
from December, 1995 (ICA, 2010). C Aerial photograph from February, 2005 (SIGPAC,
2010). D Aerial photograph from 2009 (SIGPAC, 2010). The military base on the southern
part of the peninsula is blurred on the newest images.
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Figure 3.7: Stratigraphy of the Bolonia Bay area. From Esteras et al. (2004).
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Gonna stand my ground, won’t be turned around
Tom Petty, 1989
43

4 Mass movements in the Bolonia Bay
The occurrence and intensity of earthquake-induced damage is strongly connected with the
specific local geology, which makes it necessary to conduct geotechnical studies in the working
area. This knowledge helps to evaluate possible site amplification effects. Geotechnical analyses
can also be used to rule out other geological phenomena like soil creep and landslides that
might have caused damage to an archeological site or at least to get an idea on their likelihood.
Additionally, an accumulation of mass movements may be a hint for seismic shaking as a trigger.
In the Bolonia Bay, slope toes are characterized by large mass movements favored by plastic
clays, e.g., of the Almarchal Formation, and by huge rock falls (cf. chapter 5.1.2).
4.1 Geotechnical parameters
The Facinas and Almarchal formations (Figs. 3.4 and 3.7) of the Gibraltar Flysch complex are
made up of very plastic clayey and sandy strata, which are the main cause for the large number
of mass movements that can be observed in the bay area (Gonza´lez Lastras et al., 1991; Braun,
2008; Ho¨big, 2008; Mu¨ller, 2008; Storandt, 2009). Fig. 4.1 illustrates the mass movements
mapped in the field, Fig. 4.4 provides a map of the rockfalls mapped at the San Bartolome´
mountain range. From post-Messinian times on large landslides on-shore and off-shore took
place on the upthrusted as well as on the backthrusted topographic fronts such as the Sierra de
la Plata littoral part. These events have proven to be a relevant process shaping the landscape
of the Gibraltar Strait region (Baraza et al., 1992; Sandoval et al., 1996; Esteras et al., 2000;
Silva et al., 2006). Geotechnical investigations conducted in 2008 revealed that many of the
residual soils from these units are highly active with activities up to 4.4, cf. Skempton (1953).
Quantitative XRD analyses were performed at the samples (Mu¨ller, 2008). The clay fraction
is characterized by smectite contents of up to 40%. The effective friction angles vary between
5◦and 15◦and the effective cohesions between 25 and 44kN/m3 (Table 4.1).
Table 4.1: Geotechnical parameters of the soils in the Bolonia Bay. Sampling points marked in Fig. 4.1.
Modified from Mu¨ller (2008)
Parameter Bartolome´ Bartolome´ La Laja Roman Cabo Trench Cabo
grey red Ruins de Gracia de Gracia Fault
Location N36◦05’46” N36◦05’46” N36◦07’12” N36◦05’25” N36◦05’49” N36◦05’53”
W05◦43’25” W05◦43’25” W05◦45’22” W05◦46’21” W05◦48’18” W05◦47’57”
Soil type silty clay sand silty clay silty clay silty clay silty clay
Permeability [m/s] 9.0 x 10-6 4.9 x 10-3 6.4 x 10-3 4.9 x 10-3 8.1 x 10-3 -
Natural water 8.9 7.0 8.5 19.2 20.7 23.5
content W
Liquid limit WL 38.9 24.3 44.5 48.1 58.5 54.5
Plasticity limit WP 24.4 18.1 24.6 28.3 30.7 27.9
Weight 10.7 7.5 7.3 6.15 6 6.0
%<0.002mm
Consistency index IC 2.07 2.78 1.80 1.45 1.35 1.16
Plasticity index IP 14.4 6.14 19.8 19.7 27.7 26.6
Activity index IA 1.34 0.81 2.71 3.21 4.62 4.44
Cohesion [kN/m2] 27 15 30 13 25 -
Shear angle [◦] 16 27 15 16 16 -
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Figure 4.1: Shaded relief of the study area. Landslides, cliffs and the rock avalanche are marked. The
free rock faces serve as source areas for the rockfalls. Red dots indicate the sampling points
for the geotechnical analysis of the soils presented in Table 4.1: SP1 Bartolome´ red; SP2
Bartolome´ gray; SP3 La Laja; SP4 Roman Ruins; SP5 Cabo de Gracia; SP6 Trench Cabo
de Gracia Fault. The GPR profiles presented in Fig. 4.5 are marked with yellow points.
4.2 Mass movements in the Bolonia Bay
Especially the western and northern mountain fronts of the San Bartolome´ are intensively jointed
and detachment of large blocks can be observed (Fig. 4.3). Here, the bedding planes are slightly
dipping into the rock face (105◦- 120◦/30◦- 40◦), while an almost perpendicular joint system
cuts the strata vertically with 180◦- 190◦/65◦-85◦and 260◦- 280◦/75◦- 90◦(Fig. 4.3). Rock
fall debris and blocks cover the slopes at the foot of the mountain range (Fig. 4.4). Since
landslides have been observed at the mountain flanks in the field, ground penetrating radar
(GPR) measurements were applied in order to image the depth of the sliding planes.
Fig. 4.5A shows an example of 270MHz radar data from a shallow-seated landslide at the
slopes below the San Bartolome´ mountain ridge. Between 63 and 82 meters, a clear change in
reflection amplitudes occurs. The continuous reflectors there mark the sliding plane. The high
amplitudes are interpreted as due to a change in soil moisture in the landslide unit, while the
reflection pattern directly images the slide geometry. In this area the highly plastic clays may be
responsible for the mass movement (soil samples ”Bartolome´ gray” and ”Bartolome´ red” in table
5.2). The sliding plane imaged in Fig. 4.5A has a length of about 20 meters and a maximum
depth of 20ns TWT (approx. 1m). Buried blocks with diameters from 0.5 to 2m form diffraction
hyperbolae in the radargram. These blocks can be observed in the entire study area in the field
as well as in GPR images. Some of them are partly buried due to later events and post-event
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Figure 4.2: Aerial view of the San Bartolome´ mountain range with shot-positions of the pictures in Fig.
4.3. Image from SIGPAC (2010).
sedimentation. The depth of the debris varies over the whole profile and is 0.5m in the section
of Fig. 4.5A. As shown in profile 69, some of the rockfall blocks are embedded within a landslide
body. In some locations a gap between debris accumulation zones and the rock falls source can
be observed. The GPR measurements support the idea that a post-rockfall piggy-back transport
of the blocks is possible. This may be caused by heavy precipitation leading to a plasticization
of the highly active clays that act as a sliding plane. This theory would both explain the long
runout distances and the gaps observed at some localities in the field.
Rockfalls also concentrate at the base of the La Laja mountain front. La Laja is made up of
2-5 m thick, overturned layers that with an orientation of 100◦- 110◦/75◦- 80◦. The rock face
is characterized by almost perpendicular, X-shaped joints that trend 5◦- 15◦/70◦- 85◦and 185◦-
195◦/70◦- 85◦and decrease the mountain’s stability (Mu¨ller, 2008; Vollmert, 2008; Vollmert et al.,
2009). Mu¨ller (2008, p. 23) reports that ”erosion processes affect the rocks especially in zones
were water access is guaranteed. Pot-holes form in-between the up righted banks and extensive
bedding parallel joints generate, those are 1-2 meters wide and can hold out for several 100m.
These processes can lead to gravitational collapse of large sections of the mountain leaving more
stable overhanging parts unsupported behind.” Debris cones formed at the base of the hanging
valleys. The 270MHz GPR profile presented in Fig. 4.5B was recorded across one of the debris
cones in order to determine the sediment thickness and the activity of these colluvial deposits
(for location see Figs. 4.1 and 5.1). The rock surface marked in Fig. 4.5B is part of a system
of eroded beds, which have extended the mountain range in the past. The degraded beds are
still visible in the field apart from the debris cones. They are almost vertical and show a slight
inclination towards the bedding-parallel La Laja rock face. The beds form sediment traps today.
At the uppermost part of the debris cone visualized in Fig. 4.5B, the sediment cover is only
about 1m (20nsTWT), while the thickest part of the cone forms in the middle of profile 4 with
about 3.5m (70nsTWT). Diffraction hyperbolae indicate the occurrence of big blocks. The
unevenly distribution of these buried boulders shows that they accumulate at the base of the
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Figure 4.3: Jointing at the San Bartolome´ mountain range. The entire rock-face is subject to intense
fracturing and serves as the source zone for a high number of rockfalls, cf. Fig. 4.4. A
Panoramic view of the San Bartolome´ from the southwest. B Boulders from the source
zone. C Detail from B. D Typical jointing feature at the San Bartolome´. E Unsupported
boulders, the bedding plane is the bottom side of the boulder. Shot-positions of the photos
are indicated in Fig. 4.2.
debris cone. As adjacent profiles reveal the same or at least similar patterns, it is possible to
draw conclusions on the geometry of the cone and to estimate the total amount of debris, which
is in the order of 1.000m3 in this case.
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Figure 4.4: Rockfall deposits at the San Bartolome´ mountain range. Blue dots mark boulders mapped
during a field campaign in 2008, yellow dots represent deposits determined from aerial
photographs. Modified from Braun (2008).
4.3 Conclusions
Geotechnical and mineralogical analyses proved that the Almarchal Flysch units show high
contents of active clay minerals and highly plastic behavior. This allows an easy activation of
the weathered upper layers by heavy rainfall events. For larger, deep seated mass movements,
undrained loading due to the additional load by rockfall debris is assumed. Such heavy rain
periods regularly occur in the Gibraltar Strait area. Landslide mapping and ground penetrating
radar surveys revealed shallow-seated landslides with intercalated boulders not only at the slope
of the San Bartolome´ but also at the base of the La Laja rock face and inside the Roman ruins of
Baelo Claudia. It is, therefore, important to differentiate between seismic damage in the ruins
and displacement effects due to soil creeping and/or landsliding. Due to the lack of dating,
we can not conclude on a contemporaneous, seismic triggering of the rockfalls observed in the
working area.
This problem could be solved by an extensive dating campaign. The soil under the rockfall
deposits, which reach house-size in many cases, should contain organic material that can be dated
with radiocarbon methods. Sampling could be difficult due to the size of some boulders. It is
either necessary to unearth the blocks or to drill a hole from the top to reach the soil underneath.
Since a large number of datings is needed for a proper timing, such a campaign would be costly,
but could add important information on the maximum intensity and the recurrence intervall of
local seismic events in case the rockfalls were triggered by earthquakes. Cosmogenic nuclides
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could be used to date the rockfalls by sampling the side of the boulder that was attached to the
wall. If this side is now exposed, the age of the event can be determined. However, a prerequisite
would be a LiDAR campaign in order to find matching surfaces at the boulders and the source
zone. This would not be uncomplicated due to surface weathering, chipped off fragments and
countless possible variations.
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Figure 4.5: GPR profiles from San Bartolome´ and La Laja mountain ranges. A Detailed view on the
lower part of the 270 MHz GPR profile that starts at the base of the San Bartolome´ (see
Fig. 4.1 for location) and ranges down the slope on foliage-covered underground. A shallow
landslide body and buried rockfall blocks are visible in the data. No static correction
applied, 20ns TWT represent approx 1m depth. B 270 MHz profile from the La Laja
mountain range. The profile was recorded on a debris cone at the base of a hanging valley,
see Figs. 4.1 and 5.1 for location. GPR data clearly reveal the thickness of the sediments
and show the staircase structure of the underlying rock surface. 20ns TWT represent approx
1m depth.
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There were never any good old days
They are today
They are tomorrow.
It’s a stupid thing we say
Cursing tomorrow with sorrow.
Gogol Bordello, 2007

5 Surface and subsurface paleoseismic records
at the ancient Roman city of Baelo Claudia
and the Bolonia Bay area, Ca´diz (South
Spain)
Several studies reported on earthquake-related damage in the Roman ruins of Baelo Claudia,
but did not present a seismic source for the two events proposed. An extensive study on the
paleoseismical and archeoseismological record in the Bolonia Bay area was necessary to fill
that gap. In this chapter, further apparent earthquake related environmental effects of purely
geomorphic nature have been explored in order to get an idea on the seismogenic source of
the events. Both cases are clearly linked to NNW-SSE to N-S tectonic structures located close
to Baelo Claudia. Furthermore, we analyzed building damage in the Roman ruins in order to
find out if there is a preferential direction of the damage pattern that could possibly point to a
near field source. Several hundred of measurements have been compiled in order to solve this
problem. Radiocarbon datings from inside the ruins were used to narrow down the timeframe
of the earthquake events.
5.1 Geomorphology, tectonics and paleoseismic indicators around
the city of Baelo Claudia
Outside the archeological park of Baelo Claudia, the most extensive outcrops are the pervasively
folded and tectonized Almarchal and Facinas formations (Fig. 3.4) of the Betic Flysch Zone in
the Campo de Gibraltar. The Cretaceous to Miocene rocks form a clayey substratum in the
ancient city of Baelo Claudia. These soft materials are framed horseshoe-like to the E and W by
the rigid sandstones of the Aljibe formation, which are also folded and steeply dipping (almost
vertical, partly overturned). Goy et al. (1995) and Silva et al. (2005, 2006) offered several
paleoseismic indicators around the ancient Roman city focusing in the Cabo de Gracia and
Carrizales Faults, located between 2 and 5km away west of Baelo Claudia. Both vertical faults
have a NE-SW orientation with sinistral strike-slip and minor normal displacement affecting
Late Pleistocene or Pleistocene deposits. The Cabo de Gracia Fault displaces Late Pleistocene
OIS 5 marine deposits and the overlying dunes exhibit liquefaction structures (Goy et al., 1994,
1995; Silva et al., 2005). The Carrizales Fault disruptures Pleistocene conglomerates including a
well-developed clayey red paleosol, pervasively affected by hydroplastic deformations generating
pocket collapse-like structures, which are filled by dewatered Pleistocene conglomerates and
sands. The latter are also affected by faulting. All these relatively young deformation structures
are apparently fossilized by younger Bronze and Neolithic ages and Roman aeolian deposits (Goy
et al., 1995; Silva et al., 2006).
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5.1.1 La Laja Range front
The La Laja range front is marked by the La Laja Fault and developed along the vertical
contact between the Miocene Aljibe sandstones and the adjacent Betic substratum, showing
geomorphological evidences of recent activity, such as well-developed triangular facets, hanging
valleys (Fig. 5.1) as well as other minor geomorphological markers of tectonic activity. It follows
a NNW-SSW direction for about 5km length along the eastern side of the Cabo the Gracia
coastal range NW of Baelo Claudia. Along the range front, the steeply inclined sandstone strata
display well developed triangular facets or flat irons (Fig. 5.1a) with a spacing of 0.4 - 0.7km and
maximum amplitudes of more than 40m. Hanging tributary valleys at 15 to 20m height occur
between consecutive triangular facets. These valleys developed clear bottleneck-shaped outlets,
which are hanging in relation to the present range front basal knick-point, indicating relative
accumulated offset (Crosby et al., 2007) along La Laja range front during the Pleistocene. Other
minor features, such as paleo-potholes of springs are developed on and between the vertical strata
planes parallel to the bedding evidenced by pseudo-elliptical sub-horizontal sapping cavities of
metric scale hanging more than 2 meters above the present basal knick-point of the range front.
Since in the present similar springs are developed at the basal knick-point of the range, these
hanging features should indicate its former position recording the history of differential uplift
along the La Laja range front (Fig. 5.1b). Potholes, paleo-springs and hanging valleys occur at
different elevations and may reveal relevant information about the recent tectonic uplift of La
Laja range front.
Figure 5.1: La Laja Range Front; A Geomorphology of La Laja Range with well-developed triangular
facets and hanging valleys in near vertical bedding Aljibe Sandstone Fm. (See Fig. 3.4 for
location); B Geomorphic markers of probable accumulated co-seismic displacements along
the base of La Laja range front (Pot-holes and basal free-lichen pedogenic ribbon). The red
dot marks the position of the debris cone investigated with GPR (Fig. 4.5B).
The contact between the Aljibe sandstone and the Betic substratum at the basal knick-point
of the range-front is characterized by a centimeter-scale (10-20cm) thin reddish basal pedogenic
ribbon, visible at the present knick-point of the range continuous along more than 4km. In
contrary to the bedding planes of the Aljibe, this basal ribbon is only weakly weathered (or
karstified) and shows no lichen growth (Fig. 5.1b). This ribbon is similar to that developed along
active bedrock-fault scarps, indicating recent movements. Typically, co-seismic features formed
during historical and recent moderate-magnitude earthquakes (Mw>5.5) in the Mediterranean
region (Armijo et al., 1992; Michetti et al., 2000; Vittori et al., 2000; Monaco and Tortorici,
2004) and may indicate historical fault activity.
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Summarizing all these geomorphological features, it can be concluded that the La Laja range
front clearly matches with the set of tectonic geomorphological anomalies, which are normally
associated with active normal faulting. Therefore, the La Laja fault can be considered as active,
however, its onshore length is not sufficient for large events. The thin ribbon or pedogenic veneer
can as well be associated to ground settlement or slow active sliding.
5.1.2 San Bartolome´ Range front
The San Bartolome´ Range front situated NE of Baelo Claudia is constituted by gently dipping
weathered Aljibe sandstones underlain by softer and clayey Cretaceous Flysch formations of the
Betic Zone. Here, a mesa-type relief developed, elongated in NNW-SSE direction (Fig. 3.4). The
NW front of the Sierra San Bartolome´ has a NNE-SSW trending relevant scarp of about 50m
height and 2.5-3km length mainly developed by differential erosion. The erosive scarp is mantled
by talus sheet containing a large number of big sandstone blocks. The rockfall deposits include
individual blocks of a volume larger than 600m3, which have been transported over a distance of
about 400m away from the scarp. Rockfall is an active process accumulating blocks in this zone,
recent fallen rocks created rows of fallen trees and tracks in the present talus slope of the range,
and numerous tumbled trees and block impacts are visible in the vegetation cover (Fig. 5.2a).
Some of the bigger blocks contain open sets of post-Roman medieval graves (most likely Visigoth,
late 4th to 6th Century AD) carved in the top of the sandstones. Some of them are clearly over-
tumbled and rotated (Fig. 5.2b) indicating their provenance from the top of the escarpment.
The process of this block accumulation is unknown, but some studies have highlighted that
anomalous rockfall accumulations may be related to moderate-strong earthquake shaking at
intensities larger than VI MSK (i.e., Burbank and Anderson, 2001; Guerrieri and Vittori, 2007).
In particular, recent moderate earthquakes in SE Spain demonstrated that V+ EMS to VI MSK
intensities are sufficient to trigger multiple rockfalls of large boulders (>10m3) along rocky
escarpments developed on weathered rocks around the epicentral area (<5km) under horizontal
ground accelerations of about 0.024g (Murphy Corella, 2005; Benito et al., 2007). In our case,
the number of tumbled blocks accumulated in the talus slope of the San Bartolome´ range is high
(<40), but a systematic analysis is necessary to unravel their episodic or progressive history of
accumulation in order to relate it with seismic shaking.
5.1.3 The Carrizales Fault
The new observations on roughly N-S trending tectonic structures or erosive escarpments led to
propose that apparent paleoseismic evidences are not only linked to the set of NE-SW strike-
slip fault systems in the Gibraltar Strait area as earlier proposed by Silva et al. (2005) and
Silva et al. (2006). Additionally, N-S relevant landscape elements can be linked to normal
faulting, otherwise clearly related to the current and shallower tectonic activity in this area.
The Carrizales Fault firstly reported by Goy et al. (1995) appears to be a deflected prolongation
of a NNE-SSW trending, W-dipping normal fault parallel to the E-dipping La Laja range-front,
which developed in the firmer Aljibe sandstones NW of Baelo Claudia (Fig. 3.4). The structures
revisited in the outcrop of the Carrizales fault at Punta Camarinal, W of Baelo Claudia, indicate
more outstanding recent deformation than previously reported (Goy et al., 1995; Silva et al.,
2006). They form a part of a complex micro-horst and graben with buried topography of metric
scale developed within Pleistocene conglomerates (Fig. 5.3) including liquefaction of gravel and
sand bodies. The idea that E-W subsidiary extension in the Gibraltar area can account for
many of the neotectonic or paleoseismological landscape features around the Bolonia Bay area
(Goy et al., 1995) is supported by the new data reported here.
57
Surface and subsurface paleoseismic records
Figure 5.2: San Bartolome´ Range Front; (A) View of the San Bartolome´ Range Front from the city
of Baelo Claudia (SW) showing the escarpment carved in sandstones affected by repeated
rockfalls. Note the block tracks at the talus slope (arrow); (B) Tumbled block in the talus
slope of the San Bartolome´ Range front with over-tumbled medieval graves.
The occurrence of liquefaction features and a fault zone (Silva et al., 2006), striated and ruptured
pebbles in the Carrizales quarry (Fig. 5.4) within early Pleistocene littoral conglomerates and
middle Pleistocene alluvial-fan deposits, puts us to suppose a local seismic source. The compe-
tent pebbles of varying lithology, embedded in a soft clayey to sandy matrix, tend to rupture
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Figure 5.3: Deformation on Plio-Pleistocene conglomerates affected by the Carrizales Fault (West of
Baelo Claudia) apparently sealed by Late Holocene to Bronze Age aeolian deposits.
and break during high-energy impulses ascribed to earthquake waves affecting the schizosphere.
So, ruptured pebbles are interpreted as an explicit feature of co-seismic deformation (Fig. 5.4).
Slow deformation (i.e. fault creep) would probably not crack single objects, but align pebbles.
Dating of the coseismic deformation was achieved by the radiocarbon dating a deformed paleosol
in the Carrizales quarry, resulting post-6572± 71BP. The data are in good agreement with not
deformed or ruptured gravels of an anthropogenic pit-filling, which contain rests of a neolithic
workshop level with artifacts (around 5000BP). The neolithic pit is covered by dunal sands of the
Phoenician (approx. 2500BP) and Roman epochs (Borja et al., 1999). With the archeologically
established age the co-seismic deformation of the gravels can be bracketed between 6572±71BP
and approximately 5000BP.
5.2 Surface geology and horizons of destruction within the ancient
urban area
The geology of the urban area of the ancient Baelo Claudia is widely described in the works of
Borja et al. (1993) and Silva et al. (2005). These authors differentiated three poorly compacted
main geological units resting on a thick succession (up to 8m thick) of clayey and plastic materials
of the Gibraltar flysch units. Surficial deposits constitute a complex polygenic layer, in which
pre-Roman, Roman and post-Roman formations are clearly differentiated in the lower sector
of the city. In addition, this is the zone of Baelo Claudia in which ground and architectural
disruptions are pervasively developed. A detailed geological and geomorphological sketch map
and cross section across the urban area of the ancient Roman city is illustrated in Fig. 5.5.
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Figure 5.4: A Outcrop of Pliocene deltaic gravel and sands at the Carrizales quarry, view to the West,
note dip towards the N, B marks the location of the sediment transfer preparate in Fig. 5.4B.
B sediment transfer preparate of the deltaic sediments arrows indicate ruptured pebbles in
Figs. 5.4C, D and E and striated pebbles, lighter for scale. C, D, E ruptured and displaced
pebbles.
Pre-Roman formations are constituted by Late Pleistocene to Late Holocene beach and aeolian
deposits, which grade progressively inland into fine-grained colluviums with a maximum thick-
ness of about 2.1m, thinning towards the coast. The Roman formation is the best developed
and reaches thicknesses of 1.2 - 2.5m. The geoarcheological horizon of the city is constituted by
artificial fillings for ground leveling (Sillie´res, 1997; Silva et al., 2005), which embed the scarce
remains and foundations of the first city building period (<60AD). The artificial filling are in
generally of silty to clayey nature, but large stone blocks, bricks and boulders of the removed
soft substratum are also incorporated. In most of the cases this level is topped by an artificially
compacted Roman mortar of approx. 0.1m in thickness (Silva et al., 2005), or by well defined
wall-collapse levels dated archeologically to 40-60AD (Sillie´res, 1997). Silva et al. (2005) inter-
preted this entire formation as an anomalous ”demolition” archeological horizon, on which the
new imperial city was founded. Finally, the Roman and post-Roman formations are made up of
a large colluvial and anthropogenic level that embedded the present remains and architectural
disruptions of the monumental zone of the city, before its systematic archeological excavation
from the early seventies. Numismatic and pottery findings date the main episode of destruction
of Baelo Claudia during the second half of the 3rd Century and the eventual ruin of the Roman
city in the late 4th Century (Sillie´res, 1997). However, the post-Roman archeological level is not
completely excavated and in most of eastern and upper (north) sectors of the ancient city this
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level remains intact and has been subject of an extensive geophysical survey. Table 2.1 displays
a resume of the relationships between the different building phases of the city, destruction events
and the different surface formations described by Silva et al. (2005).
5.3 Building damage and structural data recorded in Baelo Claudia
The building damage preserved in the ancient city of Baelo Claudia can be classified in two
main groups: (a) deformation structures and wall collapse horizons preserved within the ground
excavated by archeological probe trenches; and (b) deformation structures and architectural
disruptions presently at surface in the excavated sectors of the city.
The deformation structures preserved in the ground are mainly associated with Roman geoarche-
ological horizons and can be related to the first episode of city destruction (40-60AD). Most of
them are linked to collapse horizons around the eastern sector of the city wall at the base of
the Roman level. These collapse horizons are constituted by large blocks (0.5x0.3m) of the first
city wall fallen down directionally in a ”domino” style towards the west or southwest. In other
trenches, similar collapse levels are observed at the top of the Roman formation only covered
by a thin post-Roman colluvium. In these last findings, the collapse is non-directional, some-
times towards the W, but others towards the E. These can be related with the second episode
of city destruction, however, they hardly can be interpreted as a directional collapse process,
like those expected from seismic wave propagation. The abandonment of the city in the period
365-390AD, after the second earthquake around 260-290AD, may have led to the degradation of
the buildings. Beside these collapse levels, only rare deformational structures are well preserved
in the northeastern corner of the Forum (Silva et al., 2005) and the Isis Temple area affecting
the foundations of house-walls directly founded on the plastic clayey substratum (Fig. 5.5).
New observations, detailed mapping and geophysical surveys in this part of Baelo Claudia led
us to relate these sharply folded and disrupted architectural remains with a relatively shallow
(ca. 3m) sliding plane of a landslide affecting a small area around 200m2 (Figs. 5.5 and 5.6).
The deformation structures presently preserved at surface are affecting the archeological remains
belonging to the second period of the city (after its first destruction in the 1st Century AD) and
can be related to the second event of city destruction and eventual abandonment (see Table
2.1). Most of these architectural disturbances were described in an earlier paper by Silva et al.
(2005), comprising, faulted and westward tilted city walls, directional southwest collapse of the
columns of the Basilica, and pervasive pop up-like arrays in the pavements of the Forum and
Decumanus Maximus. In the present work all these structures have been carefully mapped and
detailed measures of the orientations of the pop up-like arrays, directional collapse of columns,
directional tilting of walls, pavement joints, and corner break-outs of the pavement flagstones
lead to quantify and characterize the directionality of deformation (Fig. 5.7). A total amount
of 225 structural measurements has been done for this study, 186 of them corresponding to
joint orientations (101), pop-ups and flexures (42), dip directions on disrupted flagstones (30)
and shock breakouts in flagstones (13). The rest corresponds to the tilting direction of eastern
perimeter of the city wall, and direction of collapse of columns of the Basilica and the Isis
Temple. Because the Basilica columns were restored and built up, the collapse directions have
been measured from old photos and aerial photos taken before the restoration, and from the
direction of the impacts in the concrete floor (Roman Opus Cementum) of the Basilica. Details
of the distribution and features of architectural deformations are displayed in Figs. 5.5 and 5.6.
The rose diagrams of structural measurements are illustrated in Fig. 5.7.
In detail, our new mapping results reveal evidence for a landslide in the NE corner of the ancient
61
Surface and subsurface paleoseismic records
Figure 5.5: Geology and Geomorphology of Baelo Claudia: (A) Geomorphological map of the ancient
urban area of Baelo Claudia. (Th) theater; (Tp) temples; (F) Forum; (B) Basilica; (M)
Macellum; (Ff) Fish factories; (Rt) Roman Thermes; (Baq) Broken aqueduct. Also included
are the locations of the wells (s) described in Borja et al. (1993), and the archeological
trenches reported by (m) Menanteau et al. (1983), (b) Silva et al. (2005), (c) Borja et al.
(1993). Dotted grey lines illustrate the ancient harbor structures and the Roman paleo-
shoreline reported by Alonso-Villalobos et al. (2003). (B) Geological cross-section displaying
the relationships and arrangement of the deformations and Roman buildings. Legend: (1)
Marine abrasion platform; (2) Late Pleistocene Marine terraces; (3) Betic substratum; (4)
Holocene spit-bar system including D1 and D2 dune system of South Spain; (5) Recent D3
dune system; (6) Lagoon deposits; (7) Fluvial terraces; (8) Flood plains; (9) Channel beds;
(10) Abandoned channels; (11) Terminal river systems; (12) Beach deposits; (13) Marshes;
(14) Paleocliff; (15) Bedrock scarps; (16) Contour levels. Modified from Silva et al. (2005).
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Figure 5.6: Detailed map of surface deformations and architectural disruptions observable in the lower
sector of the ancient Roman city of Baelo Claudia. All the mapped disruptions belong to
the second period of city destruction (260-290AD). Letters A-J indicate locations of sites
discussed in text.
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Forum affecting the zone of the Isis Temple (B in Fig. 5.6; Fig. 5.8b). Here, walls are offset
between several decimeters to more than one meter, and most parts of the walls are anomalously
tilted towards the S and N (Figs. 5.8b and c). Below the artificial topographic step, that was
carved to build the Forum, all houses situated in the E show severe distortion and bending
(A and C in Fig. 5.6; Fig. 5.8d). E-W directed up-thrusting and folding as well as the pop
up-like structures affecting the pavement of the Forum (D, I and J in Fig. 5.6; Figs. 5.7c and
f) are interpreted to be induced by discrete landslide, which affected the pavements and early
foundations (Fig. 5.8d).
E-W-trending low amplitude folds are clearly deforming the stairs, basement of house walls and
the Opus Cementum (Roman mortar) of the ancient Curia at the western zone of the Forum
(E in Fig. 5.6) and the ancient Macellum (market) located immediately SW of the Forum (F
in Fig. 5.6). These architectural disruptions may as well be related to the landslide event as a
consequence of limited earth flow at the landslide toe as illustrated in the cross section of Fig.
5.5b. However, the deformation structures observed close to and within the Macellum area are
unidirectional. Numismatic and pottery findings indicate that the Macellum had a very limited
activity of use by the Romans after the earthquake from ca. 260AD to 395AD, when commercial
activity eventually terminated (Menanteau et al., 1983; Sillie´res, 1997). Summarizing these
results, we can say that most of the observed structures in this area of the city are compatible
with a SSW-directed and E-W trending complex landslide event as suggested from the rose
diagrams inset in Fig. 5.7.
The area of the Isis Temple is only partly excavated (B in Fig. 5.6). Some of the best examples
of building deformation are observable in the Isis Temple. Rests of fallen columns (SW-directed)
and wall and pillar collapses are also directed in S to SW direction, but also scarp and slope
parallel (Figs. 5.8b and c). We took a variety of soil samples directly below the fallen columns
and walls (Fig. 5.8a); radiometric carbon dating is described in chapter 5.3.1 in detail. The Isis
Temple was constructed on a small topographic scarp and shows also other deformation features
like offsets, tilting and bending of walls and foundations (Figs. 5.8b and c).
Located south to the Forum the remains of the ancient Basilica are one of the most outstanding
examples of earthquake architectural deformations before its restoration, as occurring in many
places of historical seismic shaking in the eastern Mediterranean region (Ambraseys, 1971, 2006;
Stiros, 1996). Most of the columns collapsed towards the SW and SSW, with the column drums
in a domino-style (C in Fig. 5.5; Fig. 5.7a). Drum impacts in the ancient floor of this building
are numerous and there was no debris-layer between the columns drums and the ancient floor
(Sillie´res, 1997), indicating the sharp and sudden character of the collapse event (Silva et al.,
2005). The directional collapse of the columns is incompatible with the proposed SSW directed
landslide event, and hence indicates a ground movement directed towards the NE to NNE (if the
Basilica columns were destroyed by seismic waves). In addition, in the western N-S wall of an
annexed building of the Basilica there are some fractures cutting through two or more adjacent
blocks (Fig. 5.7a). Those affect most of the preserved wall and can be continued to the eastern
wall of the building and to the adjacent western wall of the Macellum stores (H in Fig. 5.6).
One of these fractures is also associated with the subsidence of a keystone of an arch-window
located in the western wall of the edifice annexed to the Basilica (Fig. 5.7b). Such kinds of
fractures have been associated with minimum earthquake intensities of VIII MSK by Korjenkov
and Mazor (1999) and Hinzen (2005).
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Figure 5.7: Main architectural deformations observed on the present ruins of Baelo Claudia. (A) Prop-
agation of cracks in the walls of the ancient Basilica and adjacent Macellum with indication
of the collapse orientations of the columns (and relative rose diagram for column collapse).
(B) Dropped keystone in the western wall of the Basilica, see pencil as scale; (C) Pop up-like
arrays affecting the eastern sector of the Decumanus Maximus and rose diagram of preferred
orientations for these structures; (D) Shocks developed in the corners of individual flagstones
and rose diagram of measured orientations; (E) Fractures (i.e. shear joints) in individual
flagstones and rose diagram of measured orientations; (F) Pop up-like deformation affecting
to multiple flagstones in the Forum.
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Figure 5.8: Deformations recorded around the Isis Temple. (A) Collapsed wall onto the ruins and debris
of the western side of the Isis Temple displaying the stratigraphy of destruction horizons;
(B) Close-up view of northward tilting and offsets in the Isis Temple; white arrows indicate
the tilting direction; (C) General view of northwards tilting on foundations, pavements and
walls of the Isis Temple (see Fig. 5.6 for location); white arrows indicate the tilting direction;
(D) General view of severely bended walls along the eastern side of the Forum down slope
the Isis Temple (see Fig. 5.6A-C for location).
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South of the Basilica, the Decumanus Maximus (main E-W trending road) displays a wide
variety of pop up-like arrays of flagstones (I and J in Fig. 5.6; Fig. 5.7c) such as synclinal and
anticlinal structures (Fig. 5.6). The detailed mapping carried out for this work (flagstone by
flagstone) led to distinguish among those deformations due to subsidence of ancient subsurface
canalizations from others resulting from horizontal ground acceleration. Aside from the more
spectacular deformations induced by the presence of subsurface Roman structures, the rest of
the pop up-like arrays are arranged following a main N130-125E orientation and a secondary
N50-60E one (Fig. 5.7c). Vertical displacements of up to 30cm and flagstone up-thrusting are
common (Fig. 5.7f). A wide variety of joints and corner break-outs due to horizontal shocks
densely fracture the set of flagstones. Structural data measured for pop up structures, joints
and shocks directions from flagstone break-outs indicate very congruent orientations. The break-
outs are mostly found along the NE edges of the flagstones. Orientation of these indicators is
systematically distributed, pointing to a shock from the SW, and folding in NW-SE direction
(Fig. 5.7). At the end of the Decumanus Maximus, just to the south of the Basilica a semi-
circular dome-like structure with a radius of about 6 meters affects to the entire ancient pavement
suggesting severe ground subsidence (J in Fig. 5.6) including liquefaction.
The city wall (Fig. 2.2B) surrounds the village and was built for representative and not defensive
purposes. At the end of the Decumanus Maximus (Fig. 2.4L), it has two main gates, the Gadir
gate (Ca´diz) in the west (Fig. 2.3H), and the Carteia gate in the east (Figs. 5.5 and 2.4M). The
wall is equipped with several watchtowers. Generally, the city walls are in a very bad condition.
Parts are not excavated or are collapsed; others are missing, because of later quarry-use. We
studied and measured the entire rests of the city walls. The eastern wall and its towers are
preserved and excavated in parts up to the groundings. During the excavation, older rests of
a former city wall have been encountered; this wall is topped by a ”demolition horizon” with
big blocks of wall boulders. This horizon may correspond to the 40-60AD earthquake outlined
by Silva et al. (2005). Major damage is also well observed along the eastern city wall, which is
mainly tilted to the WSW between 15◦to 20◦, but in some cases up to 25◦(Fig. 5.9). Tilting is
accompanied by intense fracturing and rotation of individual segments against each other, often
in an anti-clockwise sense. Some of those cracks in the northern bastion and close to it display
offsets on the order of centimeters to meters, but commonly they are smaller than 20cm. Partly,
the cracks were already restored by Romans (Menanteau et al., 1983).
The eastern aqueduct outside the city walls crosses a little creek (Fig. 2.2E); the western part
of the aqueduct collapsed downhill, and now forms seven parts. The entrance through the
city walls is almost perpendicular and has been excavated in 2007 (Fig. 5.5). Some of the
arcs show rotational displacement around a horizontal axis; this might be interpreted as a slow
deformational feature (low energy) originating probably from small creek-parallel landslides.
Similar damage was found at the aqueduct parts that are situated below the San Bartolome´
east of Baelo Claudia. Here, ruins of the arcs can be seen and deformations, most probably due
to landsliding are present. Buried parts of the aqueduct there have been imaged with GPR.
In the upper sector of the city the main archeological remain is the theater of the 1st Century AD
(Fig. 5.5) built during the first phase of the city and directly founded in the clayey substratum.
It displays not only earthquake or landsliding deformation, but also a lot of restoration. The
Moors started to build a watchtower in the right part of the theater. The theater served as
living place for many people in post-Roman times. Therefore, it is quite difficult to recognize
any deformation related to earthquake damage. Presently, the entire inner part is completely
restored and filled with concrete, however, the collapsed stairway to the loggia is still in-situ,
and directed towards the south. Open cracks in the walls and inclined walls are interpreted as
generated by slow deformation. On the other hand, big fallen blocks of the tiers are attributed
to co-seismic damage. A lot of triangle-shaped cracks and break-outs are found at pillar bases
68
Surface and subsurface paleoseismic records
Figure 5.9: Deformations recorded along the Eastern city wall perimeter. (A) Sector A (east bastion)
and (B) Sector B (north bastion). Conventional dip symbols represent tilting measured
within the city wall; arrows represent large block occurrence indicating direction. In green
the present vegetation cover. (C) Archeological trench displaying a wall collapse level as-
sociated to the 40-60AD event in the southern termination of the east bastion of city wall
(Sector A). (D) General view of the westwards tilted and fractured main watchtower in the
northern zone of the north bastion (Sector B). (E) Close-up view of the main crack affecting
to D displaying centimetric offset (Sector B), see hand for scale. For location see (A) and
(B).
of the building, which are probably related to deformation during a high-energy event.
On the contrary, in the lower coastal sector of the city, south of the Decumanus Maximus, the
fish factories zone shows almost no destruction due to sudden seismic shocks or landsliding (only
minor cracks). Fish factories are founded in a sandy substratum, which is different than the
rest of the city, and are completely buried by dunes after their abandonment. Therefore, this
zone should had much smaller site effects than those buildings founded in loose debris or clayey
materials, and slow deformational processes linked to the post-Roman alluvium and burying the
rest of the city were absent in the sandy dunes embedding the ruins.
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Figure 5.10: Detailed plan of the Isis Temple area, with the mapped archeoseismic damage and sam-
ple points for 14C dating. Small red arrows with red lines indicate cracks and opening
directions; big red arrows indicate deformation directions of walls; light red areas indicate
debris of fallen walls. Min1 and Min2 indicate the position of the Minerva Temple sampling
points, Isis1 - Isis5 indicate the position of the Isis Temple sampling points.
5.3.1 The Isis Temple problem
The Capitol, devoted to Jupiter, Minerva and Juno, which comprises three almost identical
temples, dominates the Forum and central area of the Roman village (Fig. 2.5 and 2.2). These
temples are thought to have been constructed between 50 and 70AD - during the first imperial
reconstruction period in Baelo Claudia - to represent the official religion (Sillie´res, 1997). Aside
from the central temple area, a temple dedicated to the Egyptian goddess Isis (Figs. 2.5 and
5.10) was built in the adjacent area. Especially after the annexation of Egypt in 30BC, the
Roman Empire adopted the Isis cult and spread it in their entire domain. During the reign of
Emperor Caligula (37-41AD), the cult was eventually established in the whole Roman Empire.
Archeological studies assumed that the Isis Temple of Baelo Claudia was built around the year
70AD with dimensions of 29.85 x 17.70m (Fig. 5.10). The sanctuary was divided into a public
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cultural area with a cella and private rooms. Currently, the area of the Isis Temple is only partly
excavated (Fig. 5.11). As the other three temples, the Isis Temple was built exactly at the toe of
a small topographic scarp and displays a set of particular structural deformation, which can be
attributed to a shallow landsliding event presumably triggered by the second episode of damage
recorded in the city during the 3rd Century AD (Silva et al., 2009a).
Figure 5.11: Results of 14C dating and photos of sample locations in the Isis Temple area. Here, a
number of toppled columns have a similar orientation. Those columns fallen in the oldest
event fell on a clean floor, indicating that the building was not abandoned at that time.
The ones giving younger 14C ages fell on colluvium accumulated after the first earthquake.
The Isis Temple is one of the few buildings of the city, in which evidence for two destruction
events can be assessed. The temple is partially buried by a colluvial deposit of 2.5-3m thickness
and displays some of the best examples of ground-failure building damage. Beside ceramics,
glass shards, shells and bones, the colluvium also contains slag of iron smelting. A rough
stratigraphy based on Roman pottery allows dating the latter collapse event to the 3rd Century
AD. The base of the colluvial deposits was dated to be 1955± 30BP, pointing to a first damage
event in the 1st Century AD (see table 5.2 for the dating results). The sample of the top of
the section (Fig. 5.11) yielded an age of 1725 ± 25BP. This top soil sample was taken from
directly underneath a toppled stucco plastered wall. Radiocarbon dating indicates that (1)
the construction of the Isis Temple occurred earlier than previously assumed by archeological
studies (e.g., Sillie´res, 1997), and (2) refuse accumulated beside the Capitol area during no more
than 200-250 years. Additionally, another set of soil samples from directly underneath the fallen
columns and walls within the Isis Temple were collected. Fragments of toppled columns, wall and
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Table 5.2: The dating results from the temple area.
Name Lab code Sample Material Age (Radiocarbon)
Isis1 KIA32686 Isis-1 Soil Sediment, leaching residue 1955± 30BP
Sediment, humid acid 1885± 25BP
Isis2 KIA32687 Isis-2 Soil Sediment, leaching residue 1725± 25BP
Isis3 KIA32688 Isis-3 Soil Sediment, leaching residue 365± 20BP
Sediment, shell 1900± 30BP
Isis4 KIA32689 Isis-4 Soil Sediment, leaching residue 1195± 30BP
Isis5 KIA32690 Isis-5 Soil Sediment, leaching residue 2020± 25BP
Min1 KIA32691 Min-1 Roots Sediment, leaching residue 390± 25BP
Sediment, humid acid 1070± 40BP
Charcoal, leaching residue 1025± 25BP
Min2 KIA32692 Min-2 Soil Sediment, leaching residue >1954AD
Sediment, humid acid >1954AD
pillar collapses are predominantly oriented in SW-direction (Silva et al., 2009a), but also parallel
to the aforementioned landslide. Dating of soil samples below the column fragments (Fig. 5.11
yields radiocarbon ages between 2020± 25BP and 1195± 30BP. These two dates are relatively
consistent and related to the destruction of the temple by seismic activity (2020 ± 25BP and
1900±30BP). The very young age may be interpreted as having originated by later modifications
(quarry use) during the Muslim Spanish Period. Taking this into account, we are able to ascribe
the event of the destruction of the Isis Temple to the 1st Century AD, relatively soon after its
construction followed by immediate reconstruction, as previously described for other structural
elements such as the city wall (Sillie´res, 1997). However, parts of the temple area were used as a
contemporary refuse tip. During the second damage event in the 3rd Century AD, remains of the
damaged walls of the temple eventually collapsed on top of the tip. In the 4th Century AD, some
houses were built on the temple, which were inhabitated until the 7th Century (Sillie´res, 1997).
After this episode, the Capitol area was covered by a 1.5-2.0m thick post-Roman colluvium
(no longer present) and thus protected from erosion processes, except for the area where the
suspected quarry reutilization was carried out during the Muslim periods. From that time on
the temple was untouched until its excavation.
5.4 Geophysical data: Ground penetrating radar survey
5.5 GPR-results of the Baelo Claudia area
A total of 7km of radar profiles has been collected in the ruins over an area of 0.2km2 using the
300MHz GSSI antenna and the SIR2 system (Fig. 5.12). Some low frequency measurements
(45MHz) have been performed where vegetation and archeological remains allowed the handling
of those large antennae. Most of the profiling was concentrated on the damaged sector of the city
area (Forum, temples (B in Fig. 5.12) and theater (C in Fig. 5.12). In these zones, NNE-SSW
oriented GPR arrays where developed in order to survey the scarp connecting the upper and the
lower sector of the city, still not excavated east to the Forum and south of the theater. Some
profiles were surveyed with two antenna models (Fig. 5.12) in order to combine the advantages
of deep penetration by the 45MHz antenna with the higher resolution at shallow depths provided
by the 300MHz system. An extensive GPR survey was developed around the perimeter of the
city wall, and complementary arrays were performed near the fish factories sector (D in Fig.
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Figure 5.12: Map of the radar investigations inside the ruins, 300MHz profiles in red, 45MHz profiles
in blue. 0.5m spaced grid at the aqueduct (red rectangle at the very east of the ruins), 10
x 12m. A, 2m spaced grid at the Forum, 25 x 33m. B, Detailed investigations with both
antenna types at the scarp south of the theater.
5.12). The present study is only illustrated with those radar profiles that clearly display surface
deformations and subsurface imaging about the location of probable horizon events and damaged
building remains.
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3D surveys were carried out in two specific areas. The first one aimed at the damaged aqueduct
(partially still buried in the year 2006, now excavated) at the eastern part of the city wall. A
10 x 12m grid with 0.50m spacing was performed in order to create a 3D cube from single lines.
On the Forum, the spacing of the 25 x 33m grid was set to 2m, which is too distant for a real
3D analysis. Nevertheless, these data also allow a detailed interpretation of a large area.
The 300MHz profiles show clearly detailed information of the subsurface in high-resolution.
In several parallel and perpendicular radargrams we found changes in the reflection pattern
around 45ns TWT (cf. 2.4m depth), which is interpreted as an ”event horizon” (Fig. 5.13).
Additionally, ruptured and destroyed wall remains are visible in nearly every part of the city.
These architectural remains usually form small-scaled reflection anomalies including diffraction
hyperbolae and increased amplitudes (Fig. 5.13). In case of walls, features may be delineated in
parallel profiles and therefore allow the mapping of streets and houses. The ”event horizon” is
characterized by flat-lying reflectors and by a marked angular unconformity above warped and
distorted reflections (e.g. file 154, east of the Forum, in Fig. 5.12 and files 253-255, at the eastern
city wall in Fig. 5.14). This ”event horizon” may be interpreted as the last earthquake event,
dated approx. 260-290AD. The flat-lying reflections possibly represent post-event sedimentation.
Southward dipping and slope-perpendicular structures in some places support this idea.
Large-scaled amplitude changes in the upper parts of the radargrams as in Fig. 5.13 are due
to surface-near conductivity inhomogeneities. The reason for this effect may be changes in hu-
midity (even absence of the lawn) or different materials in the uppermost layer. Architectural
remains also produce amplitude variations; however, these effects can be distinguished consider-
ing depth, sharply delineated boundaries and their spatial extension. 300MHz profiles document
the occurrence of similar westwards directed buried wall collapse levels around the city wall (Fig.
5.14). On the contrary, distortion, failure and breakdown of house walls and foundations at the
NE corner of the Forum and Isis Temple document the occurrence of localized landsliding di-
rected towards the SW. Radargrams at these zones image probable detachment horizons dipping
towards the SW delineating the boundaries between the archeological level and the overlaying
post-Roman colluvium and the underlying clayey substratum, which can be interpreted as part
of the head zone of the landslide (Fig. 5.13).
The 45MHz low frequency profiles do not reveal such detailed information of the shallow sub-
surface, but instead allow to image structures at greater depths, in this case up to 20m. Fig.
5.13 shows profile 346, which may count as representative for what can be seen in parallel lines.
The uppermost layer clearly differs from deeper structures and its mostly parallel reflections
are interpreted as post-Roman colluvial sediments. Their position and physical properties fit
the section published by Silva et al. (2005). For this reason, GPR can be used to map these
layers in adjacent areas and to determine changes in depth and thickness. The middle section
is interpreted as the pre-Roman colluvial level, followed by southward dipping marine terraces.
Depending on the material above those marine units, they are not visible in every profile. A
high-conductive layer at the top of the profile, sea-water intrusions, and clayey or wet sediments
will lead to high attenuation of the radar waves, thus any underlying structures may not be
visible. Around 50m profile distance, high amplitude signals mark the remains of a 20thCentury
military road crossing the archeological site. This observation is consistent with geophysical data
earlier collected by Terra Nova Ltd. The Terra Nova survey was performed using magnetics and
electric resistivity measurements and revealed numerous building structures in the yet buried
parts of the ruins. Our GPR results confirm these structures where the investigation areas
match. The magnetics and electrics survey did concentrate on mapping only and therefore, no
depth information was obtained.
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5.6 Conclusions
Recent studies questioned the feasibility of using damage orientation patterns for conclusions
on the seismic source (Hinzen, 2009, 2010; Hinzen et al., 2010). Hinzen (2009) simulated the
toppling of free standing columns (monolithic and structured) under different earthquake sce-
narios and for different column properties. The author concluded for monolithic columns that
”Without knowledge of the nature of the causative ground motion, almost always the case in
archaeoseismic case studies, there would be no way to determine whether the toppled column fell
in the direction of the back azimuth or at an ±90◦angle with respect to it.” (Hinzen, 2009, p.
2872). The behavior of structured columns appears to be more sensitive to even small changes
in the modeling parameters. Nevertheless, the direction of the toppled columns is considered to
be significant in the Baelo Claudia case for several reasons. Hinzen (2009) modeled free standing
columns. In Baelo Claudia, the columns analyzed belonged to an intact Basilica, where a roof
connected the single elements. The static properties of such a construction differ from the single
column case in a way that makes a transfer of the modeling results improbable. Under the
dynamic load during seismic shaking this type of building will behave very different from free
standing columns due to fewer degrees of freedom, rather comparable to halls or concourses. If
such a building collapses at once, the columns will be orientated radial or v-shaped if the roof
falls down to the center, or show a more or less unique direction if the building tilts to one side.
Torsional movement may also appear. Normally, surface waves cause most of the earthquake
damage. With a near-field seismic source, the distance between hypocenter and damage loca-
tion can be too short for surface waves (love- and rayleigh waves) to arrive and if they do, the
resulting near-field ground motion is highly dependent on site characteristics (cf. Trifunac, 1976;
Dravinski, 1982; Xia et al., 1999). In this case, s-waves will likely be responsible for most of
the shaking. Then, the orientation of collapsed buildings can give clues on the direction of the
seismic shock, see also the latest report on the 2011 Lorca earthquake by Mart´ınez Dı´az et al.
(2011), where it was found that the main damage orientation allowed concluding on the location
of the (known) seismic source.
Our data show that the damage observed in the ruins can be ascribed to two earthquakes. The
timing of the seismic events was possible by means of archeological observations/stratigraphical
dating and radiocarbon dating of soil samples from collapsed buildings. Geomorphological fea-
tures in the surroundings of Baelo Claudia led us to conclude that the Bolonia Bay area is a
seismic landscape, clearly shaped by recent tectonic activity.
To improve the data set and to expand the statistical base, it is necessary to accompany the
ongoing archeological work with archeoseismological investigations. New structural data from
the ruins can easily be included in the existing database. This would be of special interest for
areas where no or only few data exist until now, e.g., from the necropolis or the residential area
in the upper (northern) part of Baelo Claudia.
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Figure 5.13: Radar profiles 154 (300MHz, east of the Forum marked with ”A” in Fig. 5.12) and 346
(45MHz, south of the theater crossing the scarp, marked with ”B” in Fig. 5.12). 100ns
TWT represent approx. 5m depth, calculating with a wave velocity of about 0.1m/ns.
In profile 346, the remains of a 20thCentury military road crossing the archeological site
appear as high amplitude signals around 50m profile distance.
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Figure 5.14: Profiles 253, 254 and 255, 300MHZ, crossing the eastern city wall. Here, fallen boulders
produce characteristic reflection patterns and there are hints for the deformation of the
city wall. The event horizon is clearly visible; the change of the reflection pattern at 110ns
may indicate the groundwater level.
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6 Active faulting and neotectonics in the study
area
6.1 Introduction
Figure 6.1: Regional geology of the study area and the track of the seismic survey of Meteor Cruise
M69/1 in 2006. Legend: 1 Almarchal Formation with claystones and fine-grained sand-
stones; 2 Upper Aljibe Formation (Bolonia Formation of Burdigalian age) with claystones
and fine-grained sandstones, strike of strata is marked with dashed line; 3 Lower Aljibe For-
mation thick-bedded quartzitic sandstones of Aquitanian age; 4 Late Miocene, Pliocene and
Quaternary deposits (post-orogenic formations); 5 Seismic profiles, gray-shaded are profiles
in Figs. 6.2 - 6.11; 6 faults and fault traces in seismic sections; CdGF=Cabo de Gracia
Fault.
Several recent papers demonstrated evidence of active tectonics and prehistorical earthquakes in
the low-seismic area of the Campo de Gibraltar (Silva et al., 2005, 2006, 2009a; Gru¨tzner et al.,
2010). In contrast to that area, parts of the Betic Cordilleras, such as the Granada Depression
(e.g., Reicherter et al., 2003), the Alhama de Murcia Fault (Mart´ınez-Dı´az et al., 2001; Masana
et al., 2004), the Carboneras Fault Zone (Gra´cia et al., 2006) and surroundings (Masana et al.,
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2005) and off Malaga, show moderate seismicity and several major historical earthquakes. The
important difference of those paleoseismic investigations to the study area is that a known fault
or fault system was trenched, known by length, kinematics and often last earthquake activity.
The Baelo Claudia earthquakes (Silva et al., 2009a) lack a seismogenic source, the damage caused
by the earthquakes was ascribed to events of a paleomagnitude of c. 6. The paleomagnitude
was estimated using structural damage combined with environmental effects such as liquefaction,
rock falls and landslides (Silva et al., 2005). Several faults were taken into account as possible
candidates: (1) a far-field source in the Eastern Atlantic comparable to the one causing the
Lisbon 1755 earthquake and tsunami, (2) the prominent Cabo de Gracia fault (Silva et al., 2005),
a N70E trending thrust fault with a complicate history and multiple reactivation as sinistral
strike-slip fault and normal fault (Gru¨tzner et al., 2010), and (3) the normal and N-S striking La
Laja Fault as it forms impressive triangular facets and shows signs of active tectonics. According
to empirical fault length-paleomagnitude and displacement-paleomagnitude relationships (Wells
and Coppersmith, 1994), a M 6 earthquake can be associated with an approx. 10km long fault, a
surface rupture of <0.3m and earthquake environmental effects (Reicherter et al., 2009). Besides
the far-field candidate, the on-shore portions of the Cabo de Gracia and La Laja faults are too
short for generating such earthquakes.
In order to search for the responsible active fault and to check the off-shore prolongation of the
fault systems, we conducted a seismic survey with R/V Meteor in 2006 on the platformal area off
Baelo Claudia. These investigations have been supplemented by trenching at three sites in 2008,
and paleostress analyses of faults in the area. In this chapter, a summary of these investigations
is presented and the active tectonics in the Straits of Gibraltar region are addressed.
6.2 Off-shore seismic survey
In 2006 a seismic and hydro-acoustic survey was conducted within the cruise M69/1 of the
German R/V Meteor (Hu¨bscher et al., 2010). In the working area between Cape Trafalgar in
the north and the Straits of Gibraltar six profiles parallel to the coast (direction 130-310, Figs.
6.2 and 6.4 - 6.8), two perpendicular (direction 40-220, Figs. 6.10 and 6.11) and two oblique
(direction 160-340, Figs. 6.3 and 6.9) form a rectangle of 15x10km, covering an area of 150km2
(see Fig. 6.1 for location). In total, 134km of seismic profiles have been recorded. The profiles
do not always follow straight lines due to the strong currents that occurred during the survey
(see also the review on currents in the Straits of Gibraltar in Menemenlis et al. (2007)). We
present here the single channel data (channel 24). Based on the seismic and hydro-acoustic
survey sediment sampling was carried out with grab sampler, box- and gravity corer. The
samples included mainly coarse-grained sandy sediments with red algae, sponges, bryozoans or
mollusks. Due to the strong shore-parallel currents of Atlantic water (e.g., Nelson et al., 1999),
and large submarine sand dunes (Lobo et al., 2000), no fine-grained sediments were encountered
in the fault zones, providing datable material.
The profiles show a very good resolution, which allows displaying bathymetry and sedimentary
patterns in detail (Figs. 6.2 - 6.11). Multiple reflections are strongly visible, but do not affect
data interpretation in the upper part of the profiles. The sedimentary structures show patterns
that are related to prograding deltaic sediments (Figs. 6.6, 6.7, 6.10, and 6.11), also there are
indications of normal faults with topographic expression (Figs. 6.2, 6.5, 6.6, 6.7, 6.9). Along
the southwestern prolongation of the Cabo de Gracia Fault Zone some distorted structures
appear that do not seem to affect the Pliocene layers, hence are most likely older (Fig. 6.2). A
half-graben bound by a normal fault dipping towards NW occurs in the region of the onshore
Carrizales and La Laja Faults. The half-graben is not entirely filled, however, the infill is rotated
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Figure 6.2: Offshore seismic data of profile 1; see Fig. 6.1 for location. A normal fault offsets the
uppermost sediments at 22km profile length, forming a half graben that dips to the SE.
Hardrock sea-mounts make up the south-eastern parts of the section.
towards the fault. It is possible to identify this feature in all profiles parallel to the coastline (Fig.
6.1). Profile 5 is located closer to the coast. Here, prograding strata of possible Pliocene age are
faulted in a graben-style (Fig. 6.6). The assumed trend of the faults is NNE-SSW. Since the
uppermost sediments appear strongly influenced by tectonic movement and the sea floor (here
the platformal area) shows topography with channels (Fig. 6.1), the faults are regarded as active
in the offshore area. In contrast to that, the projected prolongation of the Cabo de Gracia Fault
falls into a rather smooth platformal area without channels, and tectonic activity seems old.
Furthermore, if we take into account a last glacial sea level drop of 120m (e.g., Fleming et al.,
1998), the channels seem to be related more to tectonic activity than to subaerial erosion, since
they clearly extend down to the present -120m bathymetric line. Otherwise, close to the coast,
in the Bolonia Bay area these channels do not display evidence of strong incision. In summary,
the seismic data suggest that the N(E)-S(W) orientated normal faults are the youngest in the
Bolonia Bay area as the onshore geological and geomorphological record previously indicated
(Silva et al., 2009a). The main activity of the Cabo de Gracia Fault has most probably stopped
before Pliocene. However, Late Pleistocene remnant activity is likely, since clear differential
uplift of marine levels belonging to the MIS 5e and 5c occur east and west of this fault (Zazo
et al., 1999). As this effect can definitely not be assigned to the Cabo de Gracia Fault, the
existence of minor active faults in that area could explain the observations.
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Figure 6.3: Offshore seismic data of profile 2; see Fig. 6.1 for location. A normal fault offsets the
uppermost sediments at 14km profile length, forming a half graben that dips to the SE.
Hardrock sea-mounts make up the south-eastern parts of the section.
6.3 Neotectonics and paleostress analysis
Neotectonic data of this zone are rare, including little systematic work on neotectonics and
paleostress data (e.g., Camacho et al., 1999; Zazo et al., 1999; Rodr´ıguez-Vidal et al., 2004).
Rodr´ıguez-Vidal et al. (2004) delineated neotectonic movements from uplifted terraces in Gibral-
tar, but did neither show faulting evidence nor causative faults. Silva et al. (2006) compiled field
mapping data to construct a neotectonic map of the Straits of Gibraltar area. Seismic data have
been evaluated to delineate the present-day stress field (Herraiz et al., 2000; De Vicente et al.,
2008; Ferna´ndez-Iba´n˜ez et al., 2007). Paleostress data of 6 different stations in the area of the
Campo de Gibraltar showed mainly subvertical to vertical maximum compression (σ1), whereas
the minimum horizontal compression is almost radial between SW and N (Camacho et al., 1999).
The corresponding high-angle normal faults can be divided into two sets: striking NE-SW and
NW-SE. Since the Miocene (late Tortonian?) a permutation of the magnitude of the principal
stress is observed from vertical to horizontal and directed NW-SE in the entire Betic Cordilleras
(e.g., Galindo-Zald´ıvar et al., 1999; Reicherter and Peters, 2005), which also has been found in
the study area by Camacho et al. (1999). However, these data were not analyzed in terms of
reactivation or neo-formed faults. Furthermore, the area of investigation stretches over more
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Figure 6.4: Offshore seismic data of profile 4; see Fig. 6.1 for location. In shallow depth, mega-ripples
can be observed in the central part of the profile.
than 25,000km2 and straddles several major structural units, stratigraphies and lithologies. In
contrast to that, the neotectonic mapping of Silva et al. (2006) revealed a set of N-S striking
graben structures, which form depocenters from the Pliocene (Fig. 6.12). The purpose of the
neotectonic mapping was to create a robust geological and structural framework for the Gibral-
tar Tunnel project, including an assessment of the (paleo)seismicity, tectonic morphology, and
mass movement bodies. In the focus of the observation was the Cabo de Gracia Fault (Fig.
6.12), which constitutes a major fault of 8.65km length (Silva et al., 2006) and which has been
reactivated several times. In Miocence times, the Cabo de Gracia Fault acted as a low-angle
thrust fault, which has been later reactivated during the Pliocene as a sinistral strike-slip fault,
and, currently shows minor normal displacement. Silva et al. (2006) interpreted the fault as
active within the last 128ka, because they related liquefaction features as co-seismic activity
along the Cabo de Gracia Fault and the clear differential displacement of the last interglacial
marine terraces at both sides of the fault (Zazo et al., 1999). On the other side, Silva et al.
(2006) pointed out that other active faults, like the Carrizales Fault (Fig. 6.13) are directed N-S
to NE-SW. Along this fault, Holocene activity has been described (chapter 5). All these studies
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Figure 6.5: Offshore seismic data of profile 4; see Fig. 6.1 for location. In shallow depth, few mega-
ripples can be observed in the central part of the profile. A normal fault offsets the youngest
sediments at 17km profile length.
have in common that no paleostress analyses have been carried out; this data gap is now filled.
Paleostress analysis of populations of striated fault planes was used to decipher the stress evolu-
tion (e.g., Angelier, 1994). The work was carried out using a representative number of striated
fault planes of different paleogeographical and post-orogenic units (Figs. 6.12) and 6.14). Usu-
ally, a characteristic set of 20 fault planes with striations was collected at each site, sometimes
the number of faults used is even less due to bad preservation of striae. The sense of slip (nor-
mal, reverse, sinistral or dextral) was inferred from various kinematic indicators such as Riedel
shears, lunate and tensile cracks, striation and slickensides (calcite fibers or slickolithes; after
Petit (1987) and Doblas (1998)). To distinguish between the different phases of faulting, also
considered were: (1) the age of the deformed rocks; (2) cross-cutting relationships; (3) mapping
and tracing of the faults, and (4) reactivation with the formation of superimposed striae on
the fault plane. The fault sets presented in the following section represent already separated
and homogeneous subsets, according to procedures described by Reicherter and Peters (2005)
and Sippel et al. (2009). Based on graphical theoretical P and T axes (pressure and tension
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Figure 6.6: Offshore seismic data of profile 5; see Fig. 6.1 for location. Normal faults form a graben of
2km width, which evidenced by the sea floor morphology.
axes), which were constructed for each individual fault plane based on orientation and sense
of slip of the fault assuming a frictional angle of 30◦, separation into populations with match-
ing orientations was carried out. The principal axes of the paleostress tensors were obtained by
computer-aided numerical dynamic analysis (NDA) using the TVB-program (Ortner, 2002). The
paleostress orientations of each separated fault-slip population set are presented graphically as
cumulative pseudo fault plane solutions, representing the mean tensors of individual fault-striae
data sets. The determinations of the paleostress axes have been supplemented by the analysis
of tension gashes and joints (hybrid, extensional or shear fractures, open or calcite-filled; see
Hancock (1985)).
We encountered in several outcrops along the coast between Algeciras and Conil de la Frontera in
the Campo de Gibraltar region lithologies with favorable conservation conditions for kinematic
indicators (Figs. 6.12 and 6.14). Since the stratigraphy and stress evolution of the central Betic
Cordilleras are well known (e.g., Galindo-Zald´ıvar et al., 1993; Jabaloy et al., 2002; Reicherter
and Peters, 2005), temporal and spatial correlations of paleostress orientations are possible.
The outcrop along the Zahara beach (N36.168◦, W5.889◦, Fig. 6.12-1) consists of intensely
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Figure 6.7: Offshore seismic data of profile 6; see Fig. 6.1 for location. A normal fault offsets the
youngest sediments at approx. 16km profile length. Due to technical problems, a data gap
occurred and positions of the south-eastern parts of the profile were lost.
folded Cretaceous-Tertiary flysch deposits (variegated sand- and marlstones of the Almarchal
Formation). The major faults are almost vertical and striking E-W and have sinistral strike-slip
displacement. From that a NE-SW directed SHmax (maximum horizontal compression direction)
was inferred (Fig. 6.12-1). The Almarchal deposits are intensely affected by Lithophaga borings
(Fig. 6.16: D) and are covered by MIS 5 terrace deposits consisting of light-brown shell-rich
sandstones (Zazo et al., 1999). The Lithophaga borings are filled by the MIS 5 sandstones, which
point to a formation around sea level. Today, these terraces are at +3m above sea level, which
has been used by (Zazo et al., 1999) as a marker for a subsiding coastal area (the MIS 5 sea level
is regarded to have been +6m with respect to the present-day sea level). The deposits of the
MIS 5 are displaced by sinistral strike-slip faults, which are trending N-S. This allows inferring
a post-128ka deformation, and a SE-NW directed SHmax.
Along the Cape Camarinal (N36.083◦, W5.787◦, (Fig. 6.12-2) several faults have been encoun-
tered in Miocene-Pliocene post-orogenic carbonates, which show clearly overprinting criteria.
Steeply dipping, almost E-W striking sinistral strike-slip faults have formed after the compres-
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Figure 6.8: Offshore seismic data of profile 7; see Fig. 6.1 for location. Sediments appear to be deformed
and show discontinuities, but active faults are not visible.
sional orogenic phase pointing to a NE-SW directed SHmax. These faults have been reactivated
later as normal faults under a NW-SE directed extensional regime. An evaluation of the joints
and cracks developed in the post-orogenic calcarenites (Fig. 6.14: C) at the Cap Camarinal near
Bolonia revealed that they document the late stage deformation: E-W joints are calcite-filled,
the younger joints, mainly N20E striking, are open (Fig. 6.16: E and F). From the open joints
a roughly E-W directed extension can be deduced. A comparable observation has been made in
the Sierra de la Plata in the deformed sand- and claystones of the Aljibe Formation (N36.101◦,
W5.792◦, (Fig. 6.12-3): the dominant N70E striking Cabo de Gracia Fault, which forms an
impressive mountain front associated with a scarp, is displaced by N-S striking normal faults
and forms a staircase-like landform. The oldest deformation features are moderately inclined
thrust faults (Fig. 6.14: A at N36.091◦, W5.808◦, deformed Aljibe Formation, B at N36.098◦,
W5.798◦, deformed Aljibe Formation; F at N36.101◦, W5.792◦, deformed Aljibe Formation).
Those are reactivated as normal faults, however with minor displacement (Fig. 6.16: A and
B). On contrast to that, N-S striking normal faults clearly overprint the older structures. They
show moderate to high-angle dips of 40-80◦(Figs. 6.12-3 and 6.16C). In Miocene times, the
Cabo de Gracia Fault acted as a low-angle thrust fault, which has been later reactivated as
a strike-slip fault. Currently, minor normal displacement was delineated from striation on the
fault plane. N-S striking normal faults displace these older fault, which will be discussed later
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Figure 6.9: Offshore seismic data of profile 8; see Fig. 6.1 for location. A normal fault offsets the
youngest sediments at 12km profile length. Due to technical problems, a data gap occurred
and positions of the south-eastern parts of the profile were lost.
in the ”trenching studies” chapter. Exemplary, the kinematics of these youngest faults in the
Sierra de la Plata are used to delineate a NW-SE directed extension SHmin with a subvertical,
uplift-related maximum compression direction (Fig. 6.14: D at N36.124◦, W5.764◦, deformed
Aljibe Formation). One of the major escarpments produced by the young normal faults is the
La Laja fault (the normal fault stretching between points D and E in Fig. 6.14), which has been
described by Silva et al. (2009a) and Gru¨tzner et al. (2010).
Three other stations have been studied in the Bolonia Bay area (Figs. 6.13 and 6.14). One is
situated in the lower tectonic unit (Almarchal Formation) of the Bolonia Formation near the El
Lentiscal village in clayey sandstones (N36.093◦, W5.767◦). Here, we present only data of the
last deformational phase, which is extensional and characterized by reactivation of older thrust
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Figure 6.10: Offshore seismic data of profile 9; see Fig. 6.1 for location. Active faults are not visible in
the data.
faults (Fig. 6.14: E). The resulting cumulative fault plane solution shows NW-SE directed
extension. In contrast to that, the outcrops along the base of the Aljibe Formation east of El
Lentiscal (Fig. 6.14: H at N36.085◦, W5.751◦) and on top of the Sierra Bartolome´ (Fig. 6.14:,
G at N36.085◦, W5.723◦) are clearly dominated by thrust-related faults and later strike-slip
reactivation, both in line with a NE-SW compression. Here, normal fault activity related to the
latest stress phase is rare, which is corroborated by field mapping and the absence of young N-S
trending structures.
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Figure 6.11: Offshore seismic data of profile 10; see Fig. 6.1 for location. Active faults are not visible
in the data.
In the regional context, we have analyzed three further outcrops in comparable lithologies (Fig.
6.12): near Facinas village deformed sandstones of the Aljibe Formation from a mountain front.
The close to the dam of the Almodovar reservoir (N36.154◦, W5.650◦; Fig. 6.12-4) thick-bedded
sandstones clearly show only two different stress overprints, an older thrust-related phase with
NE-SW SHmax, which has been deduced from NW-SE tending faults dipping towards the SW and
NE. Also, there is a later extensional phase that led to the reactivation of theses inherited faults,
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Figure 6.12: Structural sketch of the Campo de Gibraltar with major fault systems. Note N-S and NNE-
SSW trending young graben structures. 1-6 mark paleostress stations, further explanation
in the text. The cumulative pseudo fault-plane solutions (beachball diagrams) sum up
several separated fault-slip data of outcrops (white=compression; black=extension). Inset
shows location of Figs. 6.13 and 6.14.
basically with NE-SW SHmin. It is remarkable that young N-S trending structures are absent. A
nice example of initiation and reactivation has been found in a quarry east of Tarifa (N36.033◦,
W5.573◦, Fig. 6.12-5 and Fig. 6.15), where deformed thin-bedded marl- and sandstones of the
Algeciras Formation have been mined. The decameter-sized small graben was probably initiated
by dextral strike-slip movements of the post-orogenic NE-SW SHmax, which later was overprinted
by extension with NE-SW directed SHmin. Vertical strike-slip faults turned into normal faults,
the small graben opened. Lastly, the Cretaceous flysch deposits of the Algeciras Formation at
Getares beach (N36.066◦, W5.440◦, Fig. 6.12-6) represent a typical fault pattern for the multiple
deformed sediments in the Gibraltar arch. However, separation of fault population revealed a
young extension, with N-S directed SHmin.
In summary, paleostress analyses revealed three subsequent phases of deformation, each related
to a varying stress field: (1) NW-SE shortening produced a classical fold and thrust belt during
the late Paleogene to Miocene, which is indicated by dominantly NE-SW trending fold axes;
(2) Late Miocene (post-Tortonian-Pliocene) transpressional phase and reactivation of inherited
faults led to a pull-apart like opening of the several small N-S to NE-SW trending basins (Fig.
6.12). The assessment of the timing is due to Late Miocene - Pliocene rocks, which show
the strike-slip phase and no older deformation (e.g. at Cape Camarinal, Fig. 6.12-2). Several
oblique striations on fault planes indicate a dextral sense of shear on N-S trending faults, whereas
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Figure 6.13: Geological sketch map of the study area with major fault systems, location of trenching
sites in the Sierra de la Plata, squares mark location of the photos in Fig. 6.16 and
5.4. For location see Fig. 6.12. Legend: 1 Almarchal Formation; 2 Facinas Formation;
3 Upper Aljibe Formation (Bolonia Formation), strike of strata is marked with dashed
line; 4 Lower Aljibe Formation; 5 Late Miocene, Pliocene and Quaternary deposits; 6
Algeciras Formation; normal faults: barbs show dip direction, triangles mark thrust faults
and arrows: strike-slip faults; CdGF=Cabo de Gracia Fault.
E-W trending faults show sinistral movements, which were already recognized by Silva et al.
(2006); (3) the youngest phase is the Pliocene-recent post-orogenic stress field, which is clearly
dominated by an almost vertical uplift with (N)W-(S)E directed extension, and the formation
of N-S trending normal faults, which are bounding the young grabens (e.g. of Vejer, Chiclana,
Algeciras and in the Bolonia Bay the La Laja and Carrizales Faults) and that is also evident
from open joints.
6.4 Trenching studies
Based on findings of paleoseismic evidence in the vicinity of Baelo Claudia by Silva et al. (2006),
we started to investigate natural outcrops, as the Roman Carrizales quarry, and to plan and to
check possible trenching sites with GPR and resistivity measurements.
In 2008, we carried out trenching studies along the supposed active faults in the Bolonia Bay
area, in order to find a local fault as candidate for the paleoseismic events observed in the
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Figure 6.14: Structural sketch of the study area with major fault systems. A-N mark paleostress sta-
tions, further explanation in the text. The cumulative pseudo fault-plane solutions (beach-
ball diagrams) sum up several separated fault-slip data of outcrops (white=compression;
black=extension). Legend see Fig. 6.13.
Roman Baelo Claudia (Silva et al., 2009a; Gru¨tzner et al., 2010). We opened 4 trenches across
and along the Cabo de Gracia Fault in the Sierra de la Plata. One of the trenches collapsed
during excavation, because of water break-in of a close-by spring. It was immediately abandoned
and is, therefore, not discussed here. Prior to trenching shallow, but high-resolution geophysics
were carried out and the results are presented in the following.
6.4.1 GPR
A 300MHz antenna with survey wheel and a SIR-2 (GSSI) were used for the GPR survey at
the Cabo de Gracia fault (Figs. 6.13 and 6.17). Data processing was done with REFLEXW
(Sandmeier Scientific Software; Sandmeier (2010)) and included static corrections, background
removal, gain adjustment and xy-averaging. More than ten profiles have been recorded perpen-
dicular to the Cabo de Gracia Fault and across the gap in the rock face close to the spring.
Profile 45 is 27m long and was recorded where trench 2 was opened later on (Figs. 6.18 and
6.21). Diffraction hyperbolae dominate the northern half of the profile up to a depth of 2m.
They are caused by buried strata parallel the rock scarp, which are now covered with sediments
and the recent soil (Fig. 6.21). Some of those large boulders have the same inclination as the
solid rocks; others are tilted, cracked and overturned. Sediment traps formed in between with a
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Figure 6.15: Outcrop east of Tarifa (N36.033◦, W5.573◦, see Fig. 6.12-5), where deformed thin-bedded
marl- and sandstones of the Algeciras Formation have been mined. The decameter-sized
small graben was probably initiated by dextral strike-slip movements of the post-orogenic
NE-SW SHmax, which later was overprinted by extension with NE-SW directed SHmin.
maximum thickness of 1.2m. Smaller hyperbolae point to single boulders that were deposited
probably in single rockfall events (Fig. 6.21). In the southern part of the profile, high attenu-
ation occurs close to the surface. This effect is caused either by homogeneous material or high
electric conductivities, e.g., due to high clay contents and humid soil. Fig. 6.21 illustrates the
interpretation of the GPR data and a generalized scheme of the subsurface in the fault area. All
profiles collected at the Cabo de Gracia Fault provided similar results. One radar line revealed
high attenuations (high clay content, very humid) along the entire track (Fig. 6.17), which was
collected at the gap in the scarp. Nevertheless, small variations in amplitude range and maxi-
mum penetration depth due to the existence of the fault-bound spring could be detected. More
humid sediments are present north of the little ridge at the side of the pool. This observation is
consistent with the trenching results.
6.4.2 Resistivity measurements
A Geotom DC geoelectrics system with an electrode spacing of 0.5m (file 4 and 6) and 1m (file 9)
was used for apparent electrical resistivity measurements (Fig. 6.17). Inversions were calculated
with the RES2DINV software. The Wenner array lead to the best results for profiles 4 and 6
which start directly at the rock face, revealing the highest resistivities of up to 300Ωm in their
northern parts caused by the hard rock that forms the little mountain range and the soil-buried
strata. We interpret the high values at the surface as due to the very dry conditions during
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Figure 6.16: A Cabo de Gracia Fault reaching the sea, view towards SW, B marks location of Fig.
6.16B. B normal slickensides on the fault plane of the Cabo de Gracia Fault. C W-dipping
normal fault in the Sierra de la Plata with pull-apart structure, view to the North, hammer
for scale. D Displaced MIS 5 terrace deposits, fault is trending E-W, dextral displacement
(dashed line). Upper part: gray basement rocks (Almarchal Formation) are intensely
affected by Lithophaga borings, which mark the MIS 5 sea level. E Calcite-filled joints
in Pliocene marine rocks (arrows). F Open joints in Pliocene marine rocks (arrow). All
locations are indicated in Fig. 6.13.
the survey in September 2006. An area of lower resistivities in the northern part of profile 4 is
most likely related to more humid clayey material; fault-bound groundwater can increase the
soil conductivity as well. Lower resistivities in the order of 5-15Ωm of dominate the southern
parts of the profiles 4 and 6. Those values are associated with the very conductive, thick clay
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Figure 6.17: Geoelectric resistivity and GPR (ground penetrating radar) sections at the trenching sites
close to the Cabo de Gracia Fault and an unnamed N-S trending normal fault with as-
sociated minor normal faults (oblique view). The resistivities are generally low, with the
highest values close to the rock face (profiles 4 and 6). See text for further explanation.
GPR data are shown in detail in Fig. 6.21.
layers that were found in the trenches. More profiles were recorded perpendicular to the rock
face, always providing similar results. Dipole-Dipole profile 9 yields resistivities of not more
than 25Ωm, due to the clays that made up the uppermost layers of the track (also compare
Fig. 6.22, trench 1). Even lower values are observed in the northern part of the profile. Here,
the little water pool delivers additional soil moisture. Generally, the resistivities are very low in
the entire area. Since the buried strata mainly consists of large, but single blocks, intercalated
clays lower the resistivity values. GPR and geoelectrics results are comparable at the study
area. Low resistivities revealed by geoelectrics lead to high attenuation of the radar signals,
while high-resistivity areas close to the rock surface allow imaging the subsurface conditions
with GPR clearly.
6.4.3 Trench 1: N36.098299◦, W5.798758◦
The first trench was dug close to the little spring in a gap between two hard rock scarps in
the Sierra de la Plata (Fig. 6.17 and Fig. 6.20 A,B). It had about 10m length, 2.5m depth,
and was 3m wide, in N-S direction. Generally, the rock material encountered in the trench is
characterized by weathered clays that become more consolidated but flaky in depth. Secondary
gypsum has been found at a depth of 1.8m, on joints and bedding planes. The grayish striped
and mottled clays are intensely deformed and are dipping to the west in the middle of the
trench wall. Slickensides were identified at the entire trench, indicating deformation within a
fault zone. Here, we show only the most interesting part of the trench, which is the south
wall, because there we occasionally encountered a fault system (Fig. 6.22). The N-S striking
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Figure 6.18: Log of trench 2 reveals the existence of buried strata bedded parallel to the rock face. Big
blocks are cracked and tilted; smaller, partly also rounded boulders appear to have been
deposited by rockfalls. Yellowish to reddish, wedge-like deposits at the northern part of
the trench indicate normal movement in recent times.
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fault zone is characterized by steeply dipping strata in a fault gauge, which indicates a normal
sense of displacement. Between two normal faults strata are dragged synthetically. The upper
part of the section is made up of paleosols with colors reaching from brown to reddish. East of
the major fault gauge the reddish soil disappears. Below the reddish soil two different colored,
wedge-shaped soils have been found. Clearly, these soils are affected by normal faulting and
dragging (Fig. 6.22), but the recent soil is not affected and shows no topographical steps. The
displacements along the normal faults are on the order of 0.5 to 0.8m. Within the paleosols we
did unfortunately not find any datable material, so no age assessment of the deformation could
be achieved. Anyway, it should be relatively recent, because only the topmost soil is not affected
by deformation.
Figure 6.19: Cabo de Gracia as seen from the sea (picture taken aboard RV Meteor on the 2006 M69/1
cruise), view is to the north-east. The Sierra de la Plata constitutes the mountain fronts
in the background, right of the lighthouse.
Originally the trench was planned to trench the Cabo de Gracia Fault perpendicularly, but did
not successfully reach the fault. In summary, occasionally we found evidence for a N-S trending
fault zone, which affected paleosols.
6.4.4 Trench 2: N36.098166◦, W5.799319◦
Trench 2 also had the intention to trench the Cabo de Gracia Fault (Fig. 6.17, Fig. 6.20
C, and Fig. 6.19), it was 10m long, 2.3m deep, and 3m wide, in N20W direction. The log
of Trench 2 reveals the existence of buried strata bedded parallel to the rock face/scarp (Fig.
6.18), as already evidenced by GPR investigations. Here, the Aljibe sandstones are overturned,
clearly indicated by scour and paleo current marks at the base of the strata. Weathering of the
quartzitic sandstones and interbedded claystones resulted in different colored clays and loose
sands. Bigger blocks are cracked, toppled and tilted; smaller, partly also rounded boulders
appear to have been deposited probably by rockfalls. Yellowish to reddish, wedge-like deposits
at the northern part of the trench along the fault scarp indicate normal movement in recent
times, however, with relatively small displacements (Fig. 6.18). In summary, this trench proved
the minor tectonic activity of the Cabo de Gracia Fault in recent times. The observed minor
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Figure 6.20: A trench 1. B trench 1 after it collapsed due to groundwater from a nearby spring (photo
by Jo¨rg Schrader). C trench 2. D sketching trench 3 (photo by Jo¨rg Schrader).
displacements may be classified as sympathetic movements related to close-by activity of N-S
trending normal faults (see trench 1 and 3).
6.4.5 Trench 3: N36.098077◦, W5.799176◦
After the results of trench 1 and 2, we decided to open a further trench perpendicular to the N-S
trending normal faults observed in trench 1. The trench was initially 10m long, 2m deep and
2m wide; but later a slot of 1m depth was dug to prolong the trench to about 20m (Fig. 6.20
D). The trench log of the northern and southern walls of trench 3 shows deformed claystones
with folded and warped bedding planes (Fig. 6.23). Below 1m depth, countless slickensides were
identified within the yellowish to grayish clays. Two structural features in the middle of the
wall are interpreted as conjugate N-S trending normal faults, and are interpreted to constitute
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Figure 6.21: 300MHz GPR data from the Cabo de Gracia Fault; see Fig. 6.17 for location. Diffraction
hyperbolae form at boulders and at the buried strata. Those boulders act as sediment traps
which appear as horizontal reflectors between the hyperbolae. High attenuation leads to
very low amplitudes of the reflected waves in the southern part of the profile, indicating a
high clay content and increased humidity in that part. The trench sketch (see Fig. 6.18)
shows the principal geometry of the subsurface as revealed by more than ten parallel GPR
profiles.
the prolongation of the normal faults observed in trench 1. A displacement of the reddish clayey
paleosol (see Fig. 6.22) was observed on both trench walls, although logs do not exactly fit,
but reveal similar geometries (Fig. 6.23). With this trench results of trench 1 are corroborated,
the most active tectonic structures in the Bolonia Bay area are N-S trending normal faults.
However, we were not able to date the last event, causing displacement in paleosols.
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Figure 6.22: Log of the southern wall of trench 1 (see Fig. 6.17 for location) exhibits two W-dipping nor-
mal faults with intense deformation of the basement (slickensides over the entire trench).
Upper portion with old and recent soils shows dragging and displacement, further discus-
sion in the text.
6.5 Conclusions
Offshore seismic profiling in the Bolonia Bay revealed the existence of N-S trending normal
faults and graben-like structures that affect the youngest seafloor sediments. These features
can be classified as active. The fault traces lead us to conclude that the young N-S faults
mapped onshore continue offshore and hence are longer than previously assumed. Their length
seems to be sufficient for causing locally damaging earthquakes like the ones that rocked Baelo
Claudia. The seismic data indicate that the Cabo de Gracia Fault is not responsible for the
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Figure 6.23: Trench log of the northern and southern walls of trench 3 (see Fig. 6.17 for location).
Conjugate N-S trending normal faults cause displacement of the red clayey paleosol. De-
formed clay layers were found in trench 3. Below 1m depth, countless slickensides were
identified within the yellowish to grayish clays. Further explanations in the text.
latest earthquake events.
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A paleostress analysis revealed three different major deformation phases that have affected the
study area from late Paleogene to recent. The youngest, post-orogenic Pliocene to recent phase
(vertical uplift and (N)W-(S)E directed extension) led to the formation of the N-S trending
normal faults, bounding young grabens. Those being located in the Bolonia Bay (La Laja and
Carrizales faults) yield most likely the seismic source for the two earthquakes.
Geophysical investigations onshore were used to find a proper trenching site close to the Cabo
de Gracia fault. Trenching did not reveal clear and indisputable evidence for surface-rupturing
earthquakes. At the Cabo de Gracia fault, we did not find hints for recent activity. However,
we encountered young deformed clays, shear zones and offset surface-near sediments at a young
N-S trending structure that point to active tectonics. A quantitative timing of that deformation
was not possible due to the lack of datable material, but from the geological context we conclude
that the trenching site was affected by earthquakes recently.
To solve the remaining problems (find clear evidence for a surface faulting event at a certain fault
and date the last activity), a refined geophysical survey could be conducted. H/V data would be
useful to gain knowledge about the sediment thickness in the bay area (Hinzen et al., 2004). The
future work should concentrate on the N-S trending faults like the Carrizales and encompass
GPR as well as resistivity measurements and seismic reflection and refraction profiling for finding
additional trenching sites. If further trenching is possible despite the limitations of the Natural
Park, the rocky subsurface and the steep terrain, offset surface-near layers could indicate young
faulting. Radiocarbon dating should be applied in case there is any datable material.
An airborne-LiDAR survey would yield a high-resolution digital elevation model in centimeter
scale (Harding and Berghoff, 2000; Cunningham et al., 2006, 2007). The data would probably
allow to delineate fault traces, appearing as linear features. However, this method is quite
expensive and not likely to be approved by the Junta de Andaluc´ıa because of the nearby
military station and the Strait of Gibraltar security zone.
Permanent GPS stations are already installed at the Bolonia Bay area. Long-term monitoring of
movements in a denser GPS network could add important information on both the regional and
local kinematics of the Africa-Eurasia convergence zone and thus enhance the understanding of
the active tectonics around Baelo Claudia (Stich et al., 2006; Serpelloni et al., 2007).
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A fool sees not the same tree that a wise man sees.
William Blake, 1793

7 Comparing semiquantitative logic trees for
archeoseismology and paleoseismology at the
Baelo Claudia (southern Spain) case study
The quantification of paleoseismological and archeoseismological observations is one of the basic
problems in the search for ancient earthquakes (Stiros, 1996; Caputo and Helly, 2008; McCalpin,
2009; Hinzen, 2010; Hinzen et al., 2010), and the Baelo Claudia case is no exception. Comparing
different investigation sites in terms of standardized criteria allows evaluating the own work in a
certain study area and finding weak points in the argumentation. Recently, two semiquantitative
approaches have been presented by Atakan et al. (2000) for paleoseismology and Sintubin and
Stewart (2008) for archeoseismology using logic trees. In this chapter we test the Baelo Claudia
example using both approaches.
7.1 Paleoseismological observations
7.1.1 Application of Atakan’s Logic Tree and UNIPAS V3.0 to the Baelo Claudia
site
Atakan et al. (2000) created a logic tree approach to quantify the uncertainties related to pa-
leoseismological investigations. At each node, at least two alternatives with their respective
uncertainties can be described. The tree takes into account six basic criteria (Atakan et al.,
2000): ”1. tectonic setting and strain-rate; 2. site selection for detailed analysis (site selection
criteria); 3. extrapolation of the conclusions drawn from the detailed site analysis to the entire
fault; 4. identification of individual paleo-earthquakes (diagnostic criteria); 5. dating of paleo-
earthquakes (type of technique); 6. paleo-earthquake size estimates (slip on individual events,
correlation between trenches)”. These single steps then lead to a final joint probability of the en-
tire estimation, the probability of the preferred end solution, called Pes. For the implementation
of a paleoseismological study in seismic hazard analyses, it is necessary to introduce a correction
term Cri, which describes the relative importance of the study. In combination with the correc-
tion term Cri, a paleoseismic quality factor (PQF) can be calculated as follows: PQF = Pes x Cri.
Atakan et al. (2000) introduced the UNIPAS V3.0 program, which can be downloaded from the
website of Bergen University (http://www.geo.uib.no/seismo/software/unipas/unipas1.html) to
facilitate and automate the calculations.
7.1.2 Tectonic setting and strain rate
The study area is located at the Eurasia-Africa plate boundary (Fig. 3.1), where the convergence
rate is approximately 4mm/a (DeMets et al., 1990). According to the suggestions of the Atakan’s
logic tree, this corresponds to a quality weight factor of 0.8-1.0 (plate boundaries, high strain
rates). In the environs of Baelo Claudia, moderate earthquakes (Silva et al., 2009a) occur,
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however, they are not as common as along other plate margins (see Figs. 3.4 and 7.1 for the
regional tectonic setting). Background knowledge is available and categorized as intermediate. In
the field, the geomorphological features such as the Cabo de Gracia Fault and the La Laja Fault
are clearly visible from a great distance (Fig. 7.2). Stepped mountain ridges are interpreted
as the morphological expression of the Carrizales Fault. The visibility of paleoseismological
features is considered as low to intermediate. Generally, official seismic hazard maps show
low to moderate values in the Bolonia Bay while the Sagalassos study site in Turkey, used by
Sintubin and Stewart (2008) to check the archeoseismological logic tree proposal, is situated in
a high hazard region. However, an evaluation based on hazard map data leads to a circular
reasoning as the paleoseismological investigations are not normally included in the mapped
hazard estimations. Subsequently, we assume a QWF of 0.67 as derived from the parameters
implemented in the UNIPAS V3.0 program.
Figure 7.1: Simplified map of the Bolonia Bay, showing the location of the three trenches and the
outline (city wall) of the archeological site. A most likely fault-bound spring is situated at
the Cabo de Gracia Fault (CdGF) in the trenching area, draining to the north. Geophysical
investigations have been carried out at the trenching site and covered almost the entire area
outlined by the rectangle in the lower left (GPR and DC-Geoelectrics). Along the La Laja
and the San Bartolome´, additional measurements have been taken out. See Fig. 3.4 for the
legend.
7.1.3 Site selection
Ground penetrating radar (GPR) and geoelectric resistivity measurements have been conducted
along the mountain ranges in order to visualize faults and fault-related features. Most of the
GPR data show the accumulation of debris at the base of steep scarps (La Laja and Sierra
de la Plata, Fig. 7.2) and underlying sandstones and clays subject to differential weathering.
Rockfall and colluvial deposits can be identified; however, the occurrence of faulting-related
colluvial wedges could not be clarified peremptorily. Only one prospection site allowed crossing
the expected fault zone (Fig. 7.2). Due to the high conductivity of shallow weathered clays,
data quality is poor for some locations. 2D geoelectric tomography showed a clear change of
apparent resistivity on a cross profile perpendicular to the suspected fault zone. This feature is
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Figure 7.2: Geomorphological features associated with neotectonic activity. (A) Georadar and geoelec-
trical measurements have been carried out at the Cabo de Gracia Fault prior to trenching,
trench T1 is located perpendicular to the linear rock face in the left of the image (see Fig.
7.1 for location). The Sierra de la Plata cliff is visible in the background. (B) The La Laja
fault as seen from the San Bartolome´. Hanging valleys have formed along the mountain
range, shaping triangular facets (black lines). Silla de la Papa in the background is the
highest peak in the Bolonia Bay (430m).
a result of increased soil moisture due to a nearby spring, which is most likely fault-related. An
offshore seismic survey conducted in 2006 (Meteor Cruise M69/1) concentrated on the proposed
southwest extension of the Cabo de Gracia Fault (Silva et al., 2006). The data show evidence for
Quaternary faulting and allow determining the length of the fault. Geomorphological analyses
yielded clear hints for fault activity, such as large linear lineaments (Fig. 7.2, see also Silva
et al. (2009a)) with lichen-free ribbons at the base of the mountain fronts, triangular facets,
liquefaction structures and fresh slickensides close to the shore. The Carrizales Fault offsets
the Cabo de Gracia escarpment at various places and could therefore be responsible for the
observed slickensides. Activity during Holocene times is likely and the two faults join at the
trenching site. According to Michetti et al. (2005), despite these features the Bolonia Bay can
not be classified as a ”classic” seismic landscape with clear primary surface ruptures. However,
the zone displays a large number of features related to secondary and sympathetic earthquake
ground effects (Silva et al., 2009a). The trenching site was chosen at the location where most
of the geophysical investigations were conducted and with regard to accessibility. As mentioned
above, there is only one location suitable for crossing the suspected fault zone with geophysics
and trenching. The observations made correspond with a QWF of 0.6-0.8 in the logic tree.
The lack of shallow seismics and onshore deep reflection studies, the poor quality of some GPR
profiles and the fact that the fault trenching sites had to be located at a very specific site and
close to each other, resulted in a decrease of the QWF to 0.6, as computed by the UNIPAS V3.0
algorithm.
7.1.4 Data extrapolation
The fault trenching sites were located at the only site suitable for excavation and within a range
of 100m of each other (Fig. 7.1). The average depth of the open trenches was 2.2m with a total
research length of 44m. The fault is supposed to have a length of no more than 10km (onshore
and offshore). Instrumental seismicity in the area shows shallow and intermediate earthquakes
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at depths not exceeding 60km, with a concentration of hypocenters at depths between 10-15km
(Silva et al., 2006). With these values, the trench to fault ratio (TFR) calculated is 0.00000015,
corresponding with a QWF<0.2. However, the distribution of the trenches along the fault,
which is poor in our case, has to be taken into account in these calculations. The UNIPAS
V3.0 algorithm computed a QWF of 0.37, which appears high compared to the values listed in
Atakan et al. (2000). With regard to the depth of the suspected fault zone, we assign a much
lower QWF of 0.2.
7.1.5 Identification of paleoearthquakes
In the three trenches opened in February and March 2008, several indications for earthquake
events have been observed. Main indicators are highly deformed and offset upper clayey soils
(10R 4/6 and 5YR 4/4 in Fig. 7.3), and the underlying weathering profiles on clays (mainly
the basal 10YR 6/6 unit) displaying a highly significant number of slickensides and lineaments.
These apparently deformed basal units are buried by a gravel-rich layer of gray, sandy-silty
material topped by a thin, very recent soil (Fig. 7.3) which is apparently undeformed. The
lowermost weathered sandstones and clays at a depth of 2m displayed a complex pattern of gray
banding and mottling in all trenches, suggesting strong periodical variations of the water table
in the development of the weathering profiles. Slickensides, sliding planes, bedding structures,
fault gouges and individual fault planes could be identified in Trench T3. Additionally, the
overlying clayey units showed an apparent centimetric offset probably related to fault activity
as illustrated in Fig. 7.3. The structures highlighted are representative of trenches T2 and T3.
Trench T1 also displayed indicators of recent deformation (some slickensides and sliding planes
adjacent to the rock face shown in Fig. 7.2), however, the features observed are not as clear as
in the other excavations.
Trench 1 was excavated in a linear NE-SW rock face in order to check activity on the major
lithological contacts within the Aljibe Sandstone formations, which displayed some features
of sympathetic activity (i.e. centimetric basal lichen-free ribbons). The trench showed few
features typical of a bedrock fault scarp, including overturned and rotated sandstone slabs at
its basal zone. The near vertical bedrock face displayed additional slickensides, but mainly
exhibited paleocurrent marks. The features observed are difficult to interpret due to the intense
deformation of this sandstone unit during the Alpine orogeny. The occurrence of broken and
rotated sandstone strata and big blocks in the main range front faults of the area as a result of
earthquake-triggered rockfalls provides further evidence. Until now, it has not been possible to
correlate these features to a distinct event or multiple earthquakes. Nevertheless, a number of
indicators strongly point to Quaternary paleoseismic activity: liquefaction structures; ruptured
and displaced pebbles and slickensides found at adjacent outcrops of Early Pleistocene littoral
conglomerates and middle Pleistocene alluvial fans deposits (Carrizales Fault, Silva et al. (2006));
rockfalls with extraordinarily long run-out distances (San Bartolome´); geomorphological features
(La Laja and Sierra de La Plata faulted mountain fronts); a most likely fault-related spring (Cabo
de Gracia Fault). Non-seismic phenomena that could result in some of the observed features
are soil creeping, groundwater-driven movements, and mere gravity rockfalls. Liquefaction and
striae cannot be explained by other means. The unusually large rockfall run-out distances at the
San Bartolome´ (up to twice as far as calculated by various simulations, Ho¨big et al. (2009) and
the occurrence of rock avalanches in the same area might be a result of post-rockfall landslides
and piggyback transport of the debris. As to the steep and linear mountain ranges and their
hanging valleys, fault activity seems to be the only reasonable process (Fig. 7.2). A QWF of
0.4 - 0.6 is suggested for common abundance of non-seismic features, thus, we decided to choose
a value of 0.5.
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Figure 7.3: Sketch of the northern wall of trench T3 and a photographic mosaic of the outlined area with
the main faulting features, color code follows the Munsell R© color system. Gravel-rich, clayey
units underlay the thin topsoil (gray), followed by reddish, brownish and yellowish clays in
greater depths. The lowermost unit consists of dark yellow clay with a complex pattern
of gray intercalations. Those features are characterized by internal bedding structures and
striae. Strike and dip of certain features (black dots) are given with (f) for faults, (j) for
joints and (b) for bedding structures. The V-shaped structure in the center of the trench is
interpreted as a fault zone.
7.1.6 Dating of paleoearthquakes
So far, dating of the features observed in the trenches has not been conducted. We dated the
above-mentioned structural deformation found in the area of the Isis Temple. Furthermore, we
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obtained a radiocarbon age of a tectonically deformed and warped soil layer in the Carrizales
outcrop (ancient Roman quarry), approximately 600m W of the Baelo Claudia site. There,
Pleistocene conglomerates are faulted including a well-developed clayey red paleosol, pervasively
affected by hydroplastic deformations generating pocket collapse-like structures, which are filled
by dewatered Pleistocene conglomerates and sands topped by a red paleosol (Silva et al., 2009a).
Radiocarbon dating of the red paleosol yielded 6572± 71BP as a maximum age. This date is in
agreement with the archeological content of the couplet of aeolian sandy layers burying the red
soil containing Neolithic and Bronze age remains (Goy et al., 1995). Furthermore, it is possible
to determine a time frame of several thousand years using geomorphological observations and
correlations between the trenching sites and other segments of the faults; however, this method
is the least accurate. For the QWF, this results in a value <0.4, and we consequently assigned
a QWF of 0.25.
7.1.7 Size estimates of paleoearthquakes
A number of criteria can be used for magnitude estimation: 1) the length of the fault traced
onshore and offshore (approx. 10km; criteria of Wells and Coppersmith (1994); 2) the occurrence
of liquefaction (Castilla and Audemard, 2007) and striated and ruptured pebbles (clastic pebbles
in a soft clayey matrix tend to rupture and break during high energy impulses ascribed to
earthquake occurring in the schizosphere (Atwater, 1992); furthermore, their surfaces are striated
and pitted.); 3) the maximum sub-recent fault offset observed in trenches (0.5m by warping (Fig.
7.3) of the recent soil); 4) co-seismic landslides and rock falls observed in the vicinity. Silva et al.
(2009a) estimated the paleo-intensity of the Baelo earthquakes to be in the order of IX MSK
taking into account the amplification factors due to the poor geotechnical parameters of the
ground. Considering the ground amplification impact, the considered intensity value will be
equivalent to a paleo-magnitude of >5.5 (Levret et al., 1994). Therefore, we assume an event
with MW>5.5. Since a combination of primary and secondary evidences was employed, a QWF
of 0.5 was chosen.
7.1.8 Uncertainties and application to seismic hazard analysis
At the current state of investigations, the Atakan logic tree yields a probability of 0.005 for our
solution (Fig. 7.5). This value is thirty times lower than the one computed on the Bree Fault
example (Atakan et al., 2000) in Belgium, mainly due to the limited possibility of extrapolating
the trench observation to the entire fault, the uncertain earthquake patterns in the trenches and
the lack of dating. Considering that the results of this study will be used to complete the local
earthquake catalog and to give an idea of recurrence intervals as well as maximum magnitude
estimations, the importance level is set to 3 (Cri = 6). The resulting paleoseismic quality factor
(PQF) is 0.03. Currently, there is an insufficient number of comparable values from other studies.
Therefore, it is difficult to draw general conclusions. Classical paleoseismological methods reach
their limits in the study discussed above. Obviously, when compared to Atakan et al. (2000), the
low Pes of 0.005 and the PQF of 0.03 implicate that additional work is required in order to acquire
more reliable earthquake information or to obtain new data sources. Whatever the case, most
of the indicators resulting from the archeoseismological research conducted at Baelo Claudia
suggest that the causative epicenter is likely to be located S-SW of the ancient coastal city at
the offshore extension of the considered faults (Silva et al., 2006, 2009a). In this hypothetical
scenario, the fault traces analyzed onshore will yield little to no representative information
about the offshore active fault segments. As archeoseismological results do not contribute to
the logic tree discussed above and offshore data are really scarce to be incorporated to this logic
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approach, an underestimation of the site’s potential is likely. In fact, the logic tree approach
helps to find weak points of an investigation and to plan the further work required to narrow
down uncertainties.
7.2 Archeoseismological observations
7.2.1 Sintubin and Stewart Logic Tree
The logic tree presented by Sintubin and Stewart (2008) is a modification of the logic tree
for paleoseismology (Atakan et al., 2000) and works in a similar way. Accordingly, the first
three criteria defined deal with the probability of an earthquake affecting the study site. In the
second half of the logic tree, the focus is on the damage observed. The following aspects are to
be evaluated: 1. Tectonic setting; 2. Site environment; 3. Site potential; 4. Identification of
damage; 5. Dating of damage; 6. Regional correlation (Fig. 7.5). The joint probability resulting
from the answer to those questions is a value between 0 and 1. Similar to the paleoseismological
scheme, a site confidence level (SCL) is introduced. The SCL is divided into 7 stages and
corresponds to correction term C which is between 1 and 10. A qualitative evaluation of the
excavations and the quality of the excavation reports account for the determination of the SCL.
The product of Pes and C then yields the archeoseismological quality factor AQF, in analogy to
the PQF of Atakan et al. (2000).
7.2.2 Tectonic setting
The first criterion is identical to the one in the paleoseismologic tree of Atakan et al. (2000).
According to the setting along the active plate boundary of Africa and Eurasia and to the
convergence rate of 4mm/a, we had to choose a QWF of 0.8-1.0. On the other hand, the
plate boundary is diffuse in the study area, the faults in the vicinity are visible but difficult to
evaluate and an M>6 epicenter within a radius of 10km can not be proved without any doubts.
Background knowledge must be categorized as intermediate and the tectonic setting points to
a value between 0.6 and 0.8. Following the estimations from chapter 7.1, we assume a QWF of
0.67.
7.2.3 Site environment
Sintubin and Stewart (2008) recommend different ways to evaluate the site environment fac-
tor. Based on the landscape signature categories introduced by Michetti et al. (2005) (see also
Michetti and Hancock (1997) for active normal faults in the Mediterranean) the QWF can be
determined. Another possibility is to use the INQUA Environmental Seismic Intensity scale
ESI for categorizing the seismic landscape (Michetti et al., 2007; Reicherter et al., 2009). The
Bolonia Bay and adjacent areas are situated on an diffuse plate boundary with convergence
rates of about 4mm/a. Liquefaction structures on Quaternary deposits have been found as
well as a variety of Late Pleistocene to Historical landslides and rock falls; faults can be traced
over kilometers and sparse evidence for recent tectonic activity is visible in the field (see also
chapter 7.1.3). These features correspond to a QWF of 0.6-0.8. In contrast, the Bolonia Bay
is not a classic seismic landscape with primary surface ruptures, but displays a large variety of
secondary earthquake ground effects. Environmental earthquake effects recorded in the area do
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not necessarily point to an M>6 event. Considering the similarity to the Atakan tree, we choose
a QWF of 0.6.
7.2.4 Site potential
Baelo Claudia was populated by the Romans from the late 2nd Century BC to the late 4th Cen-
tury AD. After that, sparse Paleo-Christian to visigothic settlement is documented and parts of
the town’s ruins served as source for building materials. With the conquest of the Iberian Penin-
sula, the Moors built a small garrison on the site. Over the centuries, the ruins have repeatedly
been used for military purposes (Sillie´res, 1997; Silva et al., 2009a). Anthropogenic disturbances
can be observed occasionally due to this history. The upper part of the ruins is situated on a
gentle slope consisting of Cretaceous clayey material, which is subject to occasional creeping.
Marine terraces are present close to the shore and host the fish factories. Shallow landslides and
landslide-related deformation is documented in some of the upper parts of the ancient town.
Ground settlement must be taken into account, but will be small-scaled - if at all existent - due
to underground conditions. An extensive GPR survey has been conducted in the ruins to detect
shallow landslide structures, to map the event-horizon of the seismic events identified, and to
estimate the depth of the bedrock (Silva et al., 2009a) by the correlation with the different
geotechnical drillings performed within the ruins (Silva et al., 2005). Additionally, archeological
remains such as walls, tombs, streets and houses as well as damage (fallen boulders, deformed
walls) have been imaged. A large number of buildings of different types are recorded at Baelo
Claudia, including brick and masonry houses, a city wall, a cistern, a theater, shops, a market, a
Forum, a temple area, roads, a necropolis, an entire fish factory district, and many more (Figs.
2.1, 2.2-2.4). Masonry mainly consists of durable Cretaceous thin-bedded and fine-grained sand-
stones. In contrast, pillars of houses are made of very porous late Tertiary calcarenites and partly
Tyrrhenian beach rocks incorporated with mortar. The calcarenites and beach rocks can be eas-
ily hewn but are also fragile and vulnerable to erosion and the ancient quarries are nearby. The
third regional construction material is heavy, siliceous sandstone of the Aljibe Formation (Early
Tertiary to Mid-Tertiary), however, due to its hardness it was exclusively used for stairways or
raisers. Archeological investigations showed that the town was reconstructed after abrupt ruin
and depopulation during the Imperial Roman settlement (e.g. walls and houses were reinforced
and rebuilt, an artificial terrace was created etc., details are listed in Silva et al. (2005)). After
sporadic investigations in the early 20th Century, the extensive systematic excavation began in
the 1970s and continues ever since, now conducted by the Autonomic Government of Junta de
Andaluc´ıa. Since the beginning of the present millennium, there has been a special focus on
seismically induced damage in all ongoing archeological work. Nowadays, the ruins are of ma-
jor touristic significance for the area. Hence, the excavations continue in order to improve the
touristic appeal, to increase the number of displays and to support further investigations. There
are complete yearly reports of all the excavation campaigns carried out since the year 1970, as
well as thematic publications dealing with specific buildings of structural elements within the
ruins (i.e. Forum, Basilica, Capitol) and multiple research articles and special publications on
the archeology of the city. Most of this documentation is listed in the work of (Sillie´res, 1997)
and can be consulted in the Casa de Vela´zquez at Madrid. The facts mentioned above suggest
a QWF of 0.8-1.0 if the evaluation focuses on the excavation history and on the number of the
buildings. Taking into account the quality of buildings and the anthropogenic disturbances,
the QWF should be on the order of 0.6-0.8. The moderate physiography would lead to values
from 0.4-0.6 and the evidence for ground instabilities could even produce a QWF<0.4. Hence,
it is necessary to weight the observations. Ground instabilities do only affect parts of the city
and have been investigated in detail. The building quality is generally good and the number of
monumental structures and houses is high. We assume that a value of 0.7 is most appropriate.
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The resulting site potential factor SPF is on the order of 0.3, i.e. 25% lower than the SPF of
the Sagalassos site. Taking into account the seismo-tectonic setting and the weaker building
ground of Baelo Claudia, this ratio appears to be reasonable, despite the fact that there is no
satisfactory number of comparable studies available yet.
7.2.5 Identification of damage
The following agents may have caused damage found in the ruins of Baelo Claudia: 1. seismic
shaking; 2. landslides and soil-creeping; 3. ground settlement; 4. post-Roman anthropogenic
destruction (e.g. tomb raiders or re-use of bricks); 5. erosion; 6. possible tsunami action, most
likely due to the 1755 Lisbon earthquake. The occurrence of at least one shallow late Roman
landslide has been proven for the study site. It is located in the eastern part of the ruins and
documented by Silva et al. (2009a). Folded and tilted walls in the Isis Temple and Forum are the
results of this mass movement. A number of different damage patterns are attributed to rapid
movements and can not be explained by soil creeping or sliding, such as penetrative linear cracks
in poor-quality walls or shock marks and oriented cracks in the Roman pavements. Despite the
weak underground conditions, recent ground settlement is unlikely in most cases, as the town
was inhabited by the Romans for centuries. During that time, effects of ground settlement are
likely to have been repaired. It is known from archeological reports and field observations that
a re-use of building material was common after the Roman abandonment and that following
settlers used parts of the ruins for other purposes. However, the bricks removed cannot be
misinterpreted and the younger buildings significantly differ from Romanesque. Erosion is a
major issue, especially for the buildings close to the shore. Until now, no remains of the harbor
have been excavated. It is not known yet whether the harbor was only made of wood and has
therefore decayed or if its remains were removed and re-used. If the harbor was stone-built,
coastal erosion could have led to its destruction. Today, a highly active dune system separates
the ruins from the beach (also see Fig. 3.6), so it cannot be ruled out that some remains are yet
to be found beneath. Geophysical measurements on the beach sector adjacent to the ancient
fish factories show hints for harbor structures (Alonso-Villalobos et al., 2003). GPR file 35 from
our survey in 2005 (Fig. 7.4) illustrates the large number of hyperbolae that point to objects
below the recent beach. The 200 MHz profile runs parallel to the southern limit of the city,
directly at the fish factories (coordinates in Fig. 7.4). It is not clear whether these signals
are caused by bricks, but stones would explain the reflection pattern. Weathering of bricks
and building blocks is common, however, it can be easily distinguished from earthquake-related
damage. The aforementioned calcarenites and beach rocks exhibit significant alteration due to
eolian processes and the nearby seawater, as strong winds are perennial. However, during the
years after the abandonment, most of the ruins have been covered by post-Roman colluvium,
whereby they are or were not exposed to the surface until the second half of the 20th Century.
Tsunami waves following the 1755 Lisbon event reached heights of several meters in the study
area (Luque et al., 2001; Mart´ınez Solares, 2005). A number of sedimentary indications have
recently been found along the shores close to Baelo Claudia (Koster et al., 2009; Reicherter
et al., 2010b). However, tsunami wave action concerns only the lower part of Baelo Claudia,
not exceeding 5-6m in elevation a.s.l. (i.e. the Decumanus Maximus height). No evidence
of tsunamites has been found in the present ruins. These patterns, together with the shallow
landslide, are the ones that may most easily be confused with earthquake-induced damage. For
the archeoseismological assessment of the site, questionable features have therefore not been
included in this study. Extensive mapping of corner break-outs and pop-up like arrays in the
pavement, shear fracturing in individual flagstones, wall displacements and cracked walls has
been conducted (Silva et al., 2009a). The dataset includes hundreds of measurements and
indicates a preferred spatial orientation of the damage observed as well as an abrupt shock that
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led to the features observed. According to Sintubin’s criteria, we assume a QWF of 0.8 as it
is possible to positively identify a large number of earthquake-related damage and distinguish
them from non-seismic effects.
Figure 7.4: 200 MHz GPR profile from the beach south of the ruins, collected in 2005. A large number
of hyperbolae indicates objects beneath the recent beach, that could belong to a Roman
harbor. Since the investigation area was not excavated, it is not clear whether the signals
are caused by bricks and, in case they are, if they are in-situ. Due to high dynamic beach
and dune system erosion and re-deposition of building material in the beach area is likely.
7.2.6 Dating of damage
Approximate dating of the damage is possible using construction periods and archeological
remains (pottery, coins, etc.) as indicators. More precise ages can be achieved by detailed
stratigraphic observations and 14C dating. Radiocarbon results from the Isis Temple sector yield
events within a very distinct time frame as described in detail in chapter 5.3.1. All collected
data point to two earthquake events which occurred in the 1st Century AD and 3rd Century AD,
respectively. In Baelo Claudia, a distinct event horizon is present in most parts of the ruins.
The dating is coherent and supported by the archeological stratigraphy. Sintubin and Stewart
(2008) suggest a QWF between 0.6 and 0.8 in this case. We decided to choose 0.7 as there are
no written historical reports on the studied events but dating seems reliable.
7.2.7 Regional correlation
Even though the damage observed in Baelo Claudia clearly point to destructive events that led
to the abandonment of an important, prospering town, regional correlation is poor. Known
neighboring Roman settlements such as Mellaria or Carteia a few kilometers east of Bolonia
Bay are not excavated or only in a manner that does not allow archeoseismological investiga-
tion. Therefore, the QWF is assumed to be even lower than the one proposed for the Sagalassos
example. As mentioned by Sintubin and Stewart (2008), the following general problem conse-
quently occurs: if there are no comparable adjacent sites or a complete lack of studies in the
environment, a QWF close to zero needs to be chosen. This would significantly lower Pes as well
as all subsequent equations and lead to a significant distortion of the overall quality estimates.
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Figure 7.5: The Atakan et al. (2000) logic tree for Paleoseismology consists of 12 branches and 6 nodes
at which certain probabilities must be defined (upper image). The result is the probability
of the preferred end solution, Pes. In this study, Pes is 0.005, 30 times lower than the one
achieved by Atakan et al. (2000)) at the Bree Fault example. The paleoseismic quality
factor (PQF) is Pes x Cri (Cri is a correction term depending on the level of importance of
the study). PQF is 0.03 in our case. UNIPAS V3.0 automatically computes the Pes based
on the values entered and creates the graph. The logic tree of Sintubin and Stewart (2008))
has been applied to the Roman ruins of Baelo Claudia (lower image). The site potential
factor (SPF) is 0.28; the resulting overall probability of our preferred end solution Pes1 is
0.063; the archeological quality factor (AQF) computes to 0.5 (Pes1 x correction term C).
Any archeological site in the surroundings of a certain study area should be investigated in terms
of historic and pre-historic earthquakes in order to rate and support local evidences. Such an
overlapping approach would clearly increase the confidence in the results obtained. Unfortu-
nately, particularly when investigating very old, poorly documented events, the possibility of
referring to adjacent, comparable archeological sites often does not exist. As there is paleoseis-
mological evidence for seismic activity in the Bolonia Bay area as discussed in chapter 7.1, we
follow the suggestions of Sintubin and Stewart (2008) and apply a value of 0.4.
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7.2.8 Uncertainties
The resulting probability of the preferred end solution at the archeoseismological site of Baelo
Claudia is 0.063 (Fig. 7.5). Main differences to the Sagalassos example are the estimates on
tectonic setting, site environment, and dating. Similar to the paleoseismological logic tree of
Atakan et al. (2000), an additional uncertainty factor is introduced. The site confidence level
SCL is a measure to rate the investigations on a specific site for the inclusion in a seismic
hazard analysis. Sintubin and Stewart (2008) defined seven stages, taking into account the
excavation history in terms of archeoseismological proceedings and the excavation reports used
for earthquake history research. The Baelo Claudia study corresponds to SCL 6 with the
associated correction term C = 8. Decades of archeological excavations have been carried out
and an archeoseismological focus has been set on the work since the beginning of the current
millennium. The overall resulting archeoseismological quality factor (AQF), given by Pes x C,
is 0.5. Compared to the Sagalassos case, Baelo Claudia mainly benefits from dating. The lower
site potential factor (SPF) describes the higher uncertainties in the site potential. Albeit a
certain site may not reach high AQFs owing to its SPF, it is also clear that studies there can
lead to reliable results if the archeological site itself has a high potential.
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There’s no right and there’s no wrong
There’s just the balance of the things you know.
Nada Surf, 1998
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8 Discussion
8.1 Archeoseismological observations
The mapped architectural damage at Baelo Claudia falls within the categories of secondary and
ground shaking archeoseismological evidences listed by Hancock and Altunel (1997). Archeologi-
cal evidence is often more ambiguous than generally assumed, because other episodic high-energy
natural events, like tsunamis, storm-surges, or landslides can also account for the observed arche-
ological evidences (Stiros, 1996; Silva et al., 2005; Similox-Tohon et al., 2006). Therefore, in all
the archeoseismological analyses it is necessary to maintain a proper balance between tectonic,
geomorphological and geotechnical factors on one hand, and historic, anthropogenic and arche-
ological effects in the other one (Karcz and Kafri, 1978; Galadini et al., 2006). The Baelo
Claudia case still remains problematic since no catalogued local historic event can be related to
the deformation. On the contrary, the wide range of characteristic deformational features and
architectural disturbances exhibit a confident similarity to many other ancient cases throughout
the Mediterranean, and especially, the occurrence of re-building phases separated by destruction
or demolition horizons (Silva et al., 2005). From the available geotechnical data (Borja et al.,
1993; Silva et al., 2005), it can be concluded that geomorphological and geotechnical factors
in the lower sector of the city promote relevant amplification of ground motion, and that the
observed deformations (specially in the pavements) were augmented during the burying process
of the Roman city ruins, especially pavements located on artificial fillings (i.e. demolition hori-
zon). However, cracks, jointing, break-outs, and pop up like-structures in the ancient Roman
pavements points directly to earthquake damage by SW to NE ground motion, also supported
by the arrangement and the mainly unidirectional collapse of the columns of the Basilica.
On the other hand, small mass movements have been mapped and/or characterized in this study.
They were supportive of the destruction of parts of the city and amplified the deformation during
and after the last earthquake. In detail, most of the deformations recorded at the Isis Temple
match with the head zone of a landslide and most of the deformations observed down slope at the
Forum, Curia and Macellum, match with those characteristic of a landslide toe-zone (Fig. 5.6).
Deformations and inertial rotations of blocks in the aqueduct zone also can be linked to slower
mass-movement processes on clayey slopes. Mortas repair by the Romans proves coeval slow
deformation due to landsliding. On the contrary, those buildings totally or partially founded in
the coastal aeolian materials south to the Decumanus Maximus (fish factories) do not record
relevant deformations.
8.1.1 Ground acceleration parameters and the Spanish seismic code
The application of the former Spanish Seismic Code NCSE-94 (1997) led Silva et al. (2005)
to evaluate a local site maximum ground horizontal spectral pseudo-acceleration between 0.15
and 0.21g for dominant vibration periods between 0.20 to 0.77 seconds for different seismic
scenarios. These vibration periods are mainly dangerous for low buildings (e.g., one-story struc-
tures). Those yield high eigenfrequencies (Coburn and Spence, 2002) such as the Roman edifices
analyzed in this study.
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The presumable ground response under the directions of the updated Spanish Seismic Code
NCSE-02 (2000) has also been evaluated in order to evaluate the specific site amplification at
the Bolonia Bay area. The present Spanish Seismic Code takes into account specific site effect
amplification (S) due to the geotechnical features of the ground, which was not considered in the
previous NCSE-94. The NCSE-02 introduces a new typified kind of soil (C-IV) corresponding to
loose granular and/or cohesive soils with S-wave velocities down to 200m/s. The properties of
the poorly compacted Roman artificial fillings on which the imperial buildings were founded are
within the range of the new C-IV soil class according to the available geotechnical data (Borja
et al., 1993). Taking into account these normative the amplification coefficient (S) to consider
for the Baelo Claudia site is of S =1.44. On the other hand, since the Bolonia Bay is located
close to the limit of two different ground acceleration areas codified in the NCSE-02 (0.07g for
the Zahara county and 0.04g for the Tarifa one), the resulting values for the expected ground
site accelerations may vary between 0.1g (Zahara area) and 0.06g (Tarifa area) for the most
conservative scenarios with lowest risk coefficients (ρ = 1.0) following the normalized NCSE-02
equation:
ac = S ρ ab
where S is the amplification coefficient, ab the basic ground horizontal acceleration codified in
the NCSE-02, and ac the resultant horizontal ground acceleration to consider in the calculus of
the ground response elastic spectra. The risk coefficient (ρ) is an non-dimensional parameter
that consider, the probability of exceedence of aC during the functional time-period (t) of the
buildings, 50 years for normal buildings, and 100 years for special buildings and main engineering
facilities (NCSE-02).
Figure 8.1: Ground acceleration spectra for the Baelo Claudia site. Dotted line spectra resulting for
the application of the former Spanish Seismic Code (NCS-94). Bold (Zahara zone type)
and bold-dotted (Tarifa zone type) lines resulting spectra for the application of the present
Spanish zone (NCSE-02) considering amplification values.
Under the conditions listed above, the spectral pseudo-accelerations (Sam = αT ) can reach
maximum values from 0.24g (Tarifa type zone) to 0.26g (Zahara Type zone) for dominant
vibration periods between 0.13 to 0.57 seconds (Fig. 8.1). These new estimations increase
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the expected site spectral accelerations in the Baelo Claudia area from 0.24 to 0.26g for the
10% probability of exceedence in 50 years or 475 years return period. These values raise the
theoretical ground movement to the lower levels generally, associated to VIII MSK intensity
in firmer soils (0.25 to 0.30g, Bolt (1993)). In the same way dominant vibration periods are
shortened, with respect to those obtained by Silva et al. (2005) falling in the category of those
especially dangerous for low rise (high frequency structures) like those in the ancient Roman
city of Baelo Claudia. On the other hand, due to this last consideration, as frequently stated
archeoseismic damage is commonly associated to local seismicity rather than to the ground
shaking induced by relatively far remote events (Stiros, 1996).
8.1.2 Probable intensity from environmental and architectural effects recorded in
Baelo Claudia
Following the directions of the recently updated ESI INQUA intensity scale for the environmental
effects of earthquakes (Guerrieri and Vittori, 2007), the size of the probable landslide event
(approx. 600m3), apparent ground settlement (10-100cm subsidence) and widespread pop up-
like structures in paved zones caused by ground undulations match with the observed effects
of intensity VIII ESI-events. In detail, recent moderate earthquakes (MS 5 to 6) in Southern
Italy (Michetti et al., 2000) and Greece (Lekkas et al., 1996; Mariolakos et al., 1998) indicate
that similar pop up-like features and landslides on artificial slopes can be even produced from
intensities of VII MSK onwards. On the other hand, jointed trespassing of two or more adjacent
blocks has been attributed to minimum intensities of VIII MSK by Korjenkov and Mazor (1999).
In the studied case, environmental effects of seismic shaking are highlighted by the pattern of
deformations in the architectural remains directly founded on poorly compacted artificial fillings,
where site effects were relevant.
The structural analysis of the deformation recorded at Baelo Claudia, both geomorphological
and architectural evidence, can be reasonably explained by a SW-NE directed ground motion.
In detail, rose diagrams of jointing, shocks, break outs and pop up-like orientations (Fig. 5.7)
are compatible with a compressive SW to NE horizontal seismic action. In most of the cases,
house and city walls oriented in N-S directions following the cardos (the N-S Roman array of
streets), display dominant tilting and/or collapse towards WSW orientations, and those oriented
E-W following the Decumanus Maximus towards SW-SE orientations. Reconstruction of column
collapse directions also point to dominant S-SW orientations, although some of them display
random collapse orientations mainly due to the eventual process of destruction of the damaged
remains (Sillie´res, 1997). Following the lessons from other historic and recent strong earthquakes
(i.e., Korjenkov and Mazor, 1999; Ambraseys, 2006), linear architectural elements and columns
are commonly tilted and/or collapsed against the sense of the surface wave propagation.
As above mentioned, kinematic markers, such as shear jointing, fracturing and shocks measured
in the ancient Roman pavement along the Decumanus Maximus also point to a broad SW-NE
compressive stress field during the suspect seismogenic event. In detail, fold axes linked to the
set of pop up-like arrays developed in this same sector of the city are preferentially oriented
in a NW-SE direction, pointing to a similarly oriented SW-NE compressive stress field (Fig.
5.6). Assuming that the deformation described were caused by seismic wave propagation, they
should be related with directional SW-NE compression waves (P-waves and/or Rayleigh waves).
Therefore, the seismic source responsible for the damage of this ancient city should be located
somewhere S-SW offshore the city.
The uncharacteristic structural data from the Isis Temple zone do not match with the proposed
SW-SE ground motion. There most of the E-W and N-S architectural elements are tilted (7-
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11◦) upslope towards the North, and E-W walls are affected by roughly N-S cracks displaying
centimetric offsets (<30cm). However, this case is probably linked to a moderately seated
(approximately 3m depth) landslide of about 0,6km3 volume (200m2 x 3m) as displayed by
the topographic head scarp and the GPR profiles (Figs. 5.5 and 5.13). Furthermore, E-W
upthrusted, folded and bended waving walls along the eastern side of the Forum, and pervasive
E-W pop up-like folding of the ancient Roman pavement are presumably related to the body-toe
contact of the landslide (Fig. 5.6). The size and characteristics of this event are also within
the range of secondary effects for minimum intensities of VII ESI Events (Guerrieri and Vittori,
2007).
The analysis of the disturbed archeological remains and urban geology of the ancient Roman
city of Baelo Claudia indicates that the two recorded periods of abrupt city destruction (Table
2.1) can now be bracketed to 40-60AD and approximately 260-290AD. The previously proposed
date of 350-395AD for the second event of destruction (Silva et al., 2005) is only related with
the eventual ruin of the city after the abandonment of the Roman - inhabitation can be deduced
from the work of Sillie´res (1997) and new archeological findings (Table 5.1).
The bracketing ages can be roughly related to poorly documented historic events (33AD -
382AD) cataloged for the Gulf of Ca´diz - Cape of San Vicente (Mart´ınez Solares and Mezcua,
2002) far away of the studied Roman city (ca. 400km to the West). However, as commonly
stated archeoseismic damage normally record local events affecting to low rise, high frequency
buildings (Stiros, 1996) and closer seismic sources should be considered to explain the level of
destruction (≥VIII MSK) recorded at Baelo Claudia (Silva et al., 2005).
The pattern of archeological damage mapped during this study and the structural measurements
on joints, fractures, shocks, pop-ups developed in the Roman pavements, and tilting and collapse
orientations of house walls, city walls and columns point to a SW towards NE sense of com-
pressional ground motion, or to a roughly NNW-SSE compressive stress-field, which agree with
the present SHmax direction promoted by the Africa-Eurasia convergence at this zone (Herraiz
et al., 2000; Stich et al., 2003). Considering that directed ground motion was associated to seis-
mic wave propagation, all the analyzed structural data directly point to SW to NE P-waves or
surface Rayleigh waves, locating the presumable seismic source SSW offshore of Baelo Claudia.
At this area the only known tectonic structures are the offshore prolongation of the Cabo de
Gracia Fault in the SSW and some discrete N-S to NNE-SSW faults immediately south of Baelo
revealed in recent seismic profiling (Hu¨bscher et al., 2007).
New geomorphological and paleoseismological data based in the list of environmental earthquake
effects quoted in the ESI INQUA Scale (Guerrieri and Vittori, 2007) indicate that NNE-SSE
normal faults occurring around Baelo Claudia could have experienced paleoseismic activity
during the Late Quaternary to prehistoric times (i.e. La Laja and San Bartolome´ range fronts).
Therefore, the list of possible seismic sources that can produce architectural damage at the
studied Roman city is increased with respect to those proposed by Silva et al. (2005), which
only listed NE-SW strike-slip faults. In fact, N-S normal faults in the axial zone of the Gibraltar
Strait axial area account for most of the 95% of the seismic activity instrumentally recorded
in this zone, otherwise shallow (< 10km deep) and normally of low magnitude (< 3.5mb). In
addition, the suspected paleoseismological features associated to the analyzed onshore segments
of these faults are commonly associated to minimum intensity levels of VII ESI Scale (Guerrieri
and Vittori, 2007). On the other hand, recorded building damage clearly points to intensity levels
of VIII MSK when compared with the data reported for other, better known archeoseismological
sites (Korjenkov and Mazor, 1999; Similox-Tohon et al., 2006; Galadini et al., 2006).
The application of the updated Seismic Code of Spain (NCSE-02) indicates that amplification
factors considered in this new code can attain maximum spectral pseudo accelerations of 0.24g to
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0.26g for a 475 years return period. These theoretical values of acceleration are in turn normally
associated to minimum intensities of VIII MSK (Bolt, 1993). These theoretical results are valid
for seismic engineering purposes and lack of scientific value for larger/shorter return periods,
but in the studied case they help to constrain that site amplification can attain intensity levels
within the range of those deduced from environmental effects and building damage. However,
this study has also determined that localized landsliding at the Isis Temple zone and NE corner
of the Forum, and ground settlement anomalies in the southern sector of the Basilica surely
amplified the observed deformations during and after the last seismic event. GPR data help to
constrain the approximate landslide volume in about 600m3.
At the moment, the available data compile the different building phases of the city, stratig-
raphy and structural measurements, strongly pointing to recurrent earthquake damage during
the Middle 1st Century AD, and especially for the Late 3rd Century AD, coming from a still
unknown offshore seismic source south of Baelo Claudia and inducing a minimum intensity of
VIII MSK, but locally amplified by site effects. However, the Baelo case is still an open debate
and radiocarbon dating (in progress) is necessary for a refined assessment of the dates of de-
struction. In the same way, further research on seismological modeling of architectural remains
by means the collection of more structural data, acquisition of detailed geotechnical parameters
of constructive stones and underlying soils, fully interpretation of GPR surveys and additional
geoelectrical tomography will help to interpret the nature and pattern of the observed damage.
8.2 Neotectonic studies
The present-day stress orientation in the studied area in the Campo de Gibraltar has been
determined from focal mechanism solutions, which point to a NW-SE directed maximum hor-
izontal stress SHmax, whereas σ1 is mainly vertical and σ3 is horizontal in NE-SW direction
(Galindo-Zald´ıvar et al., 1993, 1999; Herraiz et al., 2000). However, the stress field in the area is
heterogeneous as documented by permutations of the stress axes. NE-SW to NW-SE extension,
and NW-SE subhorizontal compression are observed; the latter being parallel to the regional
tectonic stress field (Buforn et al., 1988; DeMets et al., 1990; Galindo-Zald´ıvar et al., 1993; Ruiz-
Consta´n et al., 2009). Field mapping studies and off-shore seismic surveys have been carried
out at the westernmost end of the Betic-Rif arc where mainly Mesozoic to Neogene siliciclastic
deposits of the pre-deformational basin fill are outcropping, recording the imprints of several
deformation phases since the Late Cretaceous. The Cabo de Gracia Fault was previously consid-
ered as potential local seismic source for observed earthquake destruction of the Roman village
Baelo Claudia (Silva et al., 2005, 2006, 2009a; Gru¨tzner et al., 2010). These authors assigned an
earthquake of M>5.5 for the observed damage, which corresponds to a minimum length of 10-
15km (e.g., Wells and Coppersmith, 1994). Off-shore seismic profiling showed no prolongation
of the Cabo de Gracia Fault. On the other hand, these profiles testified to N-S trending graben
systems, which are regarded as active due to their sea-floor morphology. Furthermore, trench-
ing studies combined with shallow geophysical investigations proved that presently the main
activity in the area is distributed on N-S trending normal faults. This evidence is corroborated
by paleostress data, which show reactivation of inherited faults and present-day extension in
the area. Trenching studies revealed deformed paleosols and faulting along N-S directed faults.
Ruptured pebbles in the Carrizales quarry are interpreted to have been crushed rather during
high-energy events (i.e. earthquakes) than by other processes. These paleoseismic findings verify
our previous interpretation that the earthquake damage at Baelo Claudia were caused by local
moderate earthquakes and not by a major far-field shock. The normal fault array in the Bolonia
Bay would also provide sufficient length to generate M 5.5 events. Hence, the Gibraltar Strait
area is posed to a certain seismic hazard, which was previously not taken into account, mainly
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because historical and instrumental seismic data were not available. However, we were not able
due to bad preservation condition or absence of datable organic matter to date the seismic
event(s). The data from the Carrizales quarry resulted in co-seismic deformation, which may
be tentatively bracketed between 6572 ± 71BP and approximately 5000BP. The data from the
Roman ruins of Baelo Claudia point to two earthquakes around 40-60AD and 260-290AD (Silva
et al., 2009a; Gru¨tzner et al., 2010). This means that the return period of earthquakes causing
environmental effects in the sense of Michetti et al. (2004, 2007) and Reicherter et al. (2009) is
probably longer than previously estimated. The bias between paleoseismic and archeoseismic
data is evident: Silva et al. (2009a) considered return periods of 200 to 250 years, although
almost 1700 years passed since the last destructive event. In this thesis, data point to longer
recurrence periods because of the Carrizales event, and may be estimated 2000-2500 years. This
is in concordance to other active normal faults in the Betic Cordilleras.
Paleostress analyses in the Campo de Gibraltar revealed three subsequent phases of deforma-
tion, each related to a changing stress field. During the major orogenic phase, NE-SW striking
folds developed (Paleogene-Middle Miocene). Around Baelo Claudia, where we can differenti-
ate a young post-orogenic NW-directed horizontal main compression direction (post-Tortonian-
Pliocene), reactivation of inherited faults led to a pull-apart like opening of the several small
N-S to NE-SW trending basins, which caused first strike-slip faulting that is followed by dom-
inant N(W)-S(E) directed extension (Pliocene to present-day). This led to the formation of
normal faults and the reactivation of normal and strike-slip faults, but also thrust and reverse
faults. The youngest deformation is observable in N-S trending graben systems, which mirror
the present-day seismicity in that area (Ruiz-Consta´n et al., 2009). The changing stress fields
and the reactivation of the individual fault populations points to lateral E-W-directed extrusion
of the different crustal blocks bounded by conjugate sets of strike-slip faults. However, today
strike-slip faults and reverse faults are mainly inactive. The Cabo de Gracia Fault runs N70E,
which is perpendicular to the maximum horizontal compression direction. We found no evidence
in trenches that this fault moved co-seismically in the more recent geological record evidenced
by related colluvial materials and soil development. On the other side, N-S directed normal
faults are also found in the off-shore area of Baelo Claudia, and on-shore in trenches. Off-shore
seafloor topography and wrapped and displaced paleosols in trenches testify to young tectonics
movements along these faults. With respect to archeoseismic data of Baelo Claudia (Silva et al.,
2009a) longer return periods of moderate earthquake on the order of 2000-2500 years in the
study area may have to be taken into account.
8.3 Logic trees
The results of both logic trees applied on the Roman ruins of Baelo Claudia, albeit they may not
be easily comparable, differ significantly and indicate that the archeoseismological observations
are more reliable than the paleoseismological ones in this special case. As a stand-alone tech-
nique, paleoseismology would have to deal with many uncertainties caused in particular by the
limits of site selection and earthquake identification. Archeoseismology provides more detailed
information and yields a higher certainty on distinct events, but shows weakness in regional
correlation of data. The combination of both methods and their evaluation by means of a logic
tree lead to a higher level of confidence and result in a more particularized quality estimation
of the potential of an investigation site. Subjective evaluations are necessarily inherent in every
work and modern science addresses this problem with the peer-review process among others.
The logic trees are first attempts to quantify uncertainties that are often hard to express in
numbers. However, even this logic tree approach reaches its limits in certain points. Some
nodes of the logic trees are based on a number of different criteria, which allows calculating a
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wide range of probability values. The evaluation of the tectonic setting is probably the best
example for our case study. Baelo Claudia is located at the African-Eurasian plate boundary
with a local convergence rate of 4mm/a. Consequently, this would correspond to a QWF of
0.8 to 1.0, not taking into account that the margin is poorly defined. On the other hand, seis-
mogenic faults within a radius of 10km are visible, but information on their last activation is
rare and only in some cases a Late Quaternary activity can be ascertained. This fact could
lead to a QWF of 0.8 to 1.0, but also to lower values (0.6-0.8). Instrumental seismicity shows
no major earthquakes in the vicinity of the ruins, therefore requiring a QWF of 0.6-0.8. When
accessing the seismic hazard of a certain study site, the circular reasoning already mentioned
in chapter 7.1.2 constitutes another issue: Seismic hazard maps may show a low value for an
archeoseismological study site, but they do not incorporate the results of paleoseismological in-
vestigations. Similar problems occur in the archeoseismological evaluation of the site potential
in chapter 7.2.4. A wide range of QWF can be attributed to our study site, depending on our
personal weighting of the criteria. Here, we decided that the good knowledge of the underground
conditions and the large number and high quality of buildings outclass the weak soils and the
topography. Any other observer could easily reach a different QWF. So, even with the quanti-
tative approach, subjectivity remains a problem that, however, might be solved or at least be
mitigated by an improved scheme. In addition, the paleoseismological logic tree is primarily
designed to investigate faults and related co-seismic surface ruptures and hardly incorporates
the large variety of secondary earthquake ground effects now parameterized in the Macroseismic
ESI-2007 Scale (Michetti et al., 2007; Reicherter et al., 2009). Therefore, this fact results in
a very limited application of this logic tree approach to severely damaged sites only recording
secondary earthquake ground effects located in a relative distance (>10km) to the causative
fault, as is the case of Baelo Claudia and the Bolonia Bay area (Silva et al., 2006, 2009a).
Similarly, the archeoseismological logic tree approach designed by Sintubin and Stewart (2008)
seems to have weaknesses with regard to ground conditions and seismic shaking amplification.
Secondary earthquake effects are incorporated in the site environment evaluation, but ground
instability facilitating secondary co-seismic effects also accounts for the quality of archeological
excavations and therefore has an influence on the evaluation of the site potential. In this step,
ground instability evidence diminished the site potential factor value even with a very good
excavation record as is the case for Baelo Claudia. By circular reasoning, however, weak ground
conditions may amplify seismic shaking, thereby triggering severe damage. Therefore, in a case
like Baelo Claudia, in which site effects may play a vital role as to the observed damage, the
occurrence of unstable ground conditions will lower the site potential factor, diminishing the
final Pes estimation and resulting in a possible undervaluation of the true archeoseismological
information recorded at this specific site for future seismic hazard estimations. Due to the lack
of similar studies and the absence of sufficient estimations of PQFs and AQFs values for different
sites, the classification of our results in a logic tree framework is ultimately not possible. Future
investigations also have to prove whether the logic trees are suitable for comparing very different
settings of study sites. In the probability estimations, tectonic setting and site environment are
taken into account, thus providing the basis for a global approach. However, as already men-
tioned by Sintubin and Stewart (2008), a direct comparison of several studies in a certain region
may enhance the reliability of the sites. Eventually, a growing database will also improve the
estimates of a specific site, as it facilitates individual classification of observations in terms of
the relevant criteria. Subsequently, the numbers we obtained can be interpreted. In any case, a
more robust incorporation of secondary earthquake ground effects and their relation to ground
geotechnical properties and seismic amplification in the logic tree approaches employed will be
required to conduct more realistic assessments of non-faulted sites, exclusively devastated by
ground shaking, which is the case for most of the severely damaged locations during individual
earthquakes.
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8.4 The earthquake problem
Finally, has the earthquake problem as stated in chapter 2.3 been solved?
• When did the earthquakes occur that left their imprint in the ruins?
The occurrence of damaging earthquakes in the Bolonia Bay in Roman times could be proven by
archeological and archeoseismological observations (chapter 5). Two events very likely happened
in the middle of the 1st Century (40-60AD) and at the end of the 3rd Century (260-290AD).
Evidence for these dates comes from the archeological work (stratigraphy based on findings
and general settlement history at Baelo Claudia) and from 14C datings of damaged buildings
(chapter 5.3.1). Additionally, dating results from the Carrizales Fault (chapter 5.1.3) point to a
third, earlier event between 6500BP and 5000BP in the study area.
• Which are the seismic sources for those events?
We were not able to determine one or two certain faults that have caused the two earthquake
events recorded in the ruins without any doubt. The on- and offshore geophysical survey,
archeoseismological work, paleoseismological investigations, neotectonic mapping, and trenching
studies lead us to assign the Baelo Claudia earthquakes to local seismic sources instead of far
field events. We found clear hints for active tectonics in the Bolonia Bay area and relate the
youngest deformation to local N-S striking normal faults. This is also in coherence with the
recent stress field. The geophysical survey proved that these faults have a sufficient length to
produce damaging events. Trenching did not reveal clear evidence like colluvial wedges or offset
layers, but proved recent deformation. Since no datable material was found in the trenches, we
can not assign the deformation to the Roman events. The N-S trending faults in the Bolonia Bay,
and especially the La Laja and the Carrizales Faults, can be described as the best candidates
for local seismic events in historical time.
Future work on the Baelo Claudia earthquake problem should concentrate on two main issues:
• Any further archeological excavation could reveal new evidence, deliver more damage data
and allow a deeper insight into the history of the Roman city. It is, therefore, necessary to
accompany the excavation works with respect to archeoseismological observations. Since
the local archeologists supported our study in an extend that can not be overestimated,
there is no doubt that this will be done in the future.
• A refined geophysical survey as described in chapter 6.5, taking into account the results
from this study, could help to find new trenching sites. Any opportunity to date de-
formation or mass movements should be taken in order to increase the pool of available
earthquake information.
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